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A B ST R A C T
The Silver Diethyldithiocarbamate (SDDC) Method is a widely used colorimetric 
technique for the determination o f arsenic in aqueous solution. The chemistry o f the 
process is discussed in detail, and the method is compared to the other Environmental 
Protection Agency (EPA) approved arsenic methods. The existing procedure does not 
require elaborate instrumentation, but includes som e awkward operations. 
Modifications to the apparatus allowing an easier, more efficient reaction initiation are 
described. The detection limit o f the improved procedure is 5 |i.g As/L (0.5 (ig in a 100 
mL sample), which is lower than literature values. Due to the varied toxicity o f arsenic 
compounds and oxidation states found in the environment, speciation techniques for 
arsenic have received much recent attention. A  review o f the literature detailing the 
analytical systems for determining individual arsenic species is presented. Methods 
developed for detecting inorganic arsenic(m) and arsenic(V) with SDDC after selective 
hydride generation are described. Sodium borohydride selectively reduces arsenic(III) 
to arsine from the sample buffered at pH 5-6, with a detection limit o f 5 |ig  As(III)/L. 
Arsenic(V) is then sequentially speciated from the same sample by reduction to 
arsenic(III) and further reduction to arsine with zinc, hydrochloric acid and tin(II). The 
detection limit is 7 |lg  As(V)/L. These detection limits are considerably lower than those 
o f  previously described SDDC speciation techniques. Alternatively, arsenic(V) is 
calculated as the difference between arsenic(III) and total inorganic arsenic. Organic 
arsenicals are neither determined nor do they interfere in the inorganic arsenic speciation. 
Total organic arsenic concentrations can be determined after digestions o f separate 
samples.
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1I. INTR O D U C TIO N
Overview 
Scope of the Research 
The Silver Diethyldithiocarbamate (SDDC) Method is a widely used colorimetric 
technique for the determination o f arsenic in aqueous samples. Although it is sensitive 
enough for the low  level determination o f  arsenic in drinking water, expensive 
instrumentation is not required. Some glassware, chemical reagents, and a visible 
wavelength spectrometer are all the tools that are necessary. The standard procedure, 
however, calls for the rapid assembly o f the glassware after the addition o f the reagent 
that generates the gaseous arsenic species absorbed for spectrophotometry. The 
glassware is not only fragile, but contains the liquid absorbing solution. This process is 
cumbersome and can result in the loss o f analyte. The purpose for the total arsenic 
experimentation described herein was to test original modifications to the glassware that 
would allow the reagents to be mixed in a closed system, without the need to put 
together the apparatus quickly.
Due to the fact that arsenic exists in the environment in different oxidation states 
and organic compounds that vary in their toxicity, there has been much recent attention 
to the speciation o f arsenic. Speciation is the determination o f how much o f an analyte 
is present in a sample in different forms or oxidation states. Many o f these techniques 
are either slow, insensitive or require elaborate instrumental set-ups. The SDDC  
Method has received little attention, with speciation techniques reported using 
questionable procedures and having high detection limits ( 1 , 2 ).
The purpose o f the arsenic speciation experimentation described herein was to 
test the validity o f the SDDC speciation techniques reported in the literature, and, if these 
procedures proved to be inadequate, to develop a new method. The new method would 
require the design and assembly o f a glassware system specifically for arsenic speciation
2with SDDC. The method should be sensitive enough to be routinely used to speciate 
arsenic at low levels in environmental water samples. It should also be especially 
sensitive to the determination o f arsenic(III), the most toxic form commonly found in 
natural waters. An additional objective was to clear up inconsistencies that appear in the 
literature regarding the selective generation of the hydrides o f arsenic species.
Scope o f the Paper
The IN T R O D U C TIO N  o f the paper contains a review of the literature, with 
the focus directed at the analytical techniques used to determine and speciate arsenic in 
aqueous environmental samples (water, wastewater, etc.).
A  brief overview o f the environmental aspects o f arsenic chemistry is provided 
as general background material. The EPA approved methods for total arsenic 
determination in water are discussed in depth with attention given to the SDDC Method. 
Procedures for arsenic speciation that appear in the literature are detailed with attention 
given to selective hydride generation, the technique for species separation necessary for 
SDDC detection. Sample collection techniques and extraction methods for non-aqueous 
samples (soil, air, etc.) are not be detailed. Extraction processes for speciation of  
arsenic must not effect the species equilibrium. Once the compounds are in aqueous 
solution, then the speciation techniques discussed apply.
Following the literature review, the research undertaken to achieve the objectives 
previously discussed is presented. The experimental apparatus, reagents, and 
procedures used are detailed in the E X P E R IM E N T A L  S E C T IO N . T h e  
experimental findings are reported in RESULTS AND D ISC U SSIO N  and a final 
summary follows in C O N C LU SIO N S. Schematic drawings for the apparatus used 
appear in ILLU STR A TIO N S which follows LITERATURE CITED.
3Environmental Arsenic Compounds 
Arsenic is a ubiquitous trace element in the environment. It ranks twentieth in 
natural crustal abundance (1.5-2 mg/kg) (3), is found in a large number of minerals, and 
is mainly mobilized by dissolution in water (4). Both inorganic and organically bound 
forms of arsenic are found in the environment.
Some environmentally important arsenic compounds that will be discussed in 
this paper are as follows:
Table 1. Arsenic Compounds
Compound Eo.tmyla
inorganic arsenic, trivalent solid
arsenic(III) oxide AS2O3 or (AS4O6)
or arsenic trioxide, arsenous oxide 
or anhydride, white or crude arsenic 
sodium arsenite NaAsC>2
inorganic arsenic, trivalent, in aqueous solution
arsenous or arsenious acid H3ASO3 (or As(OH)3 )
inorganic arsenic, pentavalent, solid
arsenic(V) oxide AS2O5
or arsenic pentoxide, arsenic anhydride 
sodium arsenate, dibasic, heptahydrate Na2HAsC>4 *7 H2 0
inorganic arsenic, pentavalent, in aqueous solution
arsenic acid H3ASO4
organic arsenic compounds
monomethylarsonic acid(MMAA) CH3AsO(OH )2
disodium methylarsonate, hexahydrate CH3AsO(ONa)2 -6 H2 0
dimethylarsinic acid (DMAA) (CH3)2AsQ(OH)
or cacodylic acid
sodium dimethylarsenate, trihydrate (CH3 )2As0 (0 Na)-3 H2 0
trimethylarsine oxide (TMAO) (CH3)3AsO
phenylarsonic acid (PAO) CgH5AsO(OH )2
arsenobetaine (CH3)3As+CH2 COO'
arsines
arsine ASH3
methylarsine CH3ASH2
dimethylarsine (CH3>2AsH
trimethylarsine (C K ^ A s
The existence o f discrete inorganic cations in aqueous solution does not have
experimental support (3). The inorganic species exist as arsenic acids in varying
4degrees o f  dissociation depending on pH. In this paper, the terms arsenic(III) and
arsenic(V) will be used for the inorganic arsenic species, in the following forms:
Table 2. Forms of Inorganic Arsenic in Aqueous Solution
arsenicQID. or arsenite arsenic(VT or arsenate
H3ASO3 H3ASO4
H2ASO3 - pKi = 9.23 H2As04‘ pK i = 2.22
HAs032- pK2  = 12.13 HASO42- pK2  = 6.98
ASO33- pK3 = 13.40 A s0 43'  pK3 = 11.50
Although the structure o f arsenic(III) in acidic solution has been shown to be
structurally represented as As(OH ) 3 (5), the H3A s 0 3 formula will be used in this text.
The meta-arsenite ion, AsC>22' does not exist in solution (6 ). Analogously, the structure
of the oxidized species, arsenic(V), can be more accurately represented as As(0)(O H )3,
but H3A s0 4  will be used here. The main organically bound arsenic species generally
found and determined in water samples are monomethylarsonic acid (MMAA) and
dimethylarsinic acid (DMAA). MMAA is a diprotic acid (pKi = 3.41, pK2  = 8.18) and
DM AA is a monoprotic acid (pKa = 6.27). As in the case o f the inorganic species, their
degrees o f  dissociation are pH dependent.
The term inorganic arsenic will often be used for inorganic arsenic compounds,
as organic arsenic will frequently be used for arsenic-containing organic compounds.
U ses
Arsenic trioxide is the most important commercial arsenic compound. It is 
produced as a by-product o f lead and copper ore smelting. It is used as a glass 
decolorizing agent as well as in the synthesis o f other arsenic compounds (3).
The main use of arsenic compounds, especially organic, is in agriculture and 
forestry as pesticides, herbicides and silvicides (7). MMAA and its salts are herbicides
5for some grass species, including crab grass. DMAA (cacodylic acid) and its salts are 
widely used as "postemergence contact herbicides" (3).
Distribution in the Environment
On land, arsenic is associated with igneous and sedimentary rocks, especially in 
sulfide ores (6 ). High levels can be found in soils and sediments near sites where 
arsenical herbicides or pesticides have been used. In air, particulate matter contains both 
inorganic and organic arsenic from smelting and the combustion of fossil fuels at typical 
urban levels o f 0.1-1.0 ng As/m3 o f  air (7). At sea, arsenic is accumulated, chiefly as 
arsenobetaine, in many marine organisms and concentrations o f 5 mg/kg are common 
(7).
In natural waters, inorganic species predominate, except in areas o f heavy 
herbicide/pesticide contamination. In nonpolluted waters, however, biomethylation can 
transform inorganic arsenic to organically bound forms (6 ). In fresh waters, arsenic 
input from geological sources is important. Arsenic concentrations can therefore vary 
widely in both surface and ground waters. Concentrations approaching the ppm (mg/L) 
level have been reported in areas o f  geothermal activity, smelters, etc.(3). The 
concentration o f  arsenic in sea water is less variable, at 1-2 ppb (Jig/L) in the Pacific and 
Atlantic Oceans (6 ).
Arsenic(V) is the thermodynamically favored form o f  inorganic species in 
oxygenated water (4). Equilibrium calculations indicate that the arsenic(V)/arsenic(III) 
ratio in oxygenated sea water at pH 8.1 should be 1026/!  (3). However, the species are 
rarely in equilibrium, in either anoxic or oxic systems (8 ). In groundwaters, where 
arsenic(III) should predominate, arsenic(V) often exists at appreciable levels. In surface 
waters, the reverse is found: arsenic(V) is in the majority, but arsenic(III) is generally 
present (8 ). Arsenic(III) can be reduced and arsenic(V) can be oxidized by
6biotransformation (6 ). A lso, due to chem ical redox potentials, the rates o f  
oxidation/reduction reactions are often extremely slow (4).
Toxicity o f Arsenic Species
Arsenic(III) and (V) are readily absorbed by inhalation or ingestion (7). The 
common sources are airborne particulates, tobacco smoke, wine, seafood, and drinking 
water. However, the arsenic in seafood, arsenobetaine, is o f low toxicity. A fatal dose 
o f the most toxic species, arsenic(III), in man is 70-180 mg, with arsenic in solution 
more poisonous than solid forms (7, 9).
The Safe Drinking Water Act (SDW A) in the Protection o f  the Environment 
section of the Code of Federal Regulations lists the maximum contaminant level for total 
arsenic in drinking water at 50 ppb (jig/L) (10). The standard is low because, along 
with the noted acute toxicity o f arsenic compounds, chronic problems can result from 
bioaccumulation at lower intake levels (9). Mutagenic and carcinogenic effects are also 
known (3).
Since arsenic is a primary drinking water contaminant under SDW A, and since 
the maximum level is very low, analytical techniques to determine total arsenic are very 
important. At present, under SDWA and The Clean Water Act (CWA) (11), which 
applies to water pollution studies, no standard analysis methods or concentration limits 
are mandated for individual arsenic species. Speciation techniques are generally more 
complex than total element determinations, and this is especially so for arsenic. 
However, speciation of arsenic in water systems has recently drawn much attention due 
to the highly varied levels o f species toxicity. In fact, toxicity, carcinogenicity, 
transport, bioavailability, and biological and chemical reactivity are all species dependent 
(12). The toxicity o f arsenic compounds has been reported to decrease in the following 
order (7):
7List o f Arsenic Compounds in Decreasing Order o f Toxicity
arsine, or arsines most toxic
arsenic(III), arsenite 
arsenic(V), arsenate
methylated arsenic acids 1
dimethylarsinic acid (DMAA) 
monomethylarsonic acid (MMAA) 
arsenic(0 ), metallic arsenic least toxic
Since arsines are not normally found in natural waters, development o f effective
methods for arsenic(III) speciation is o f the upmost importance. The difference in
toxicity between arsenic(III) and (V) is substantial (3), and arsenic(III) has been
reported to be 200 times as toxic as the methylated species (7).
Determination of Total Arsenic 
Methods
The United States Environmental Protection A gency (EPA) approves 
methodologies for the determination o f individual analytes in water samples. The Clean 
Water Act (CWA) regulates analyses o f natural waters and wastewater for water 
pollution evaluation (10). The Safe Drinking Water Act (SDWA) regulates the analyses 
o f  surface and ground water for water supply evaluation (11). Data produced for these 
purposes must be generated by "approved" methodologies. The methods approved for 
determination o f arsenic, along with approved references detailing the procedures, are as 
follows:
List of EPA Approved Arsenic Methods and References
Silver Diethyldithiocarbamate (SDDC) Method (9,13-15)
Atomic Absorption (AA)-Gaseous Hydride Generation (9,13-15)
Atomic Absorption (AA)-Fumace Technique (Electrothermal Atomization) (9 ,13) 
Inductively Coupled Plasma (ICP) Spectroscopy (16)
8Other techniques that have been used to evaluate arsenic in the environment 
include chromatography (gas, liquid, and ion), spectroscopy (X-ray and atomic 
fluorescence), voltammetry, neutron activation analysis, and colorimetric techniques. 
The EPA approved methods will be discussed in subsections to follow.
Definition of Terms
Definitions o f  analytical terms important to the determination of arsenic in water 
are as follows:
dissolved arsenic. Arsenic determined in an unacidified sample that will pass through a 
0.45 pm membrane filter.
suspended arsenic: Arsenic determined from an unacidified sample that will not pass 
through a 0.45 pm membrane filter.
total arsenic: The sum of dissolved and suspended arsenic; or the arsenic determined on 
a sample after vigorous digestion (dissolving the suspended arsenic).
acid-extractable arsenic: Arsenic determined in solution after treatment o f an unfiltered 
sample with hot dilute nitric and hydrochloric acids.
Arsenic in these definitions means both organic and inorganic arsenic species.
Sampling/Filtration
Plastic bottles should be used for arsenic sampling. If dissolved and suspended 
arsenic are to be determined separately, the sample must be filtered immediately. A 
known volume o f sample is filtered through a 0.45 pm membrane filter. The filtrate is 
preserved to pH<2 with concentrated nitric acid (1.5 mL HNO3/L  is usually sufficient). 
The membrane filter is retained for digestion and determination o f suspended arsenic. If 
total arsenic or acid-extractable arsenic are to be determined, the sample is not filtered, 
but preserved immediately as indicated. The EPA maximum holding time for samples 
after preservation is 6  months ( 1 1 ).
9Digestion
Membrane filters containing suspended arsenic are dissolved with concentrated 
nitric acid (16). Unfiltered samples for total arsenic are digested to dissolve any 
suspended arsenic.
For samples containing appreciable organically bound arsenic, the Nitric Acid- 
Sulfuric Acid Digestion is performed before determination by the SDDC Method or the 
AA-Hydride Generation Method (9, 13, 14). Membrane filter digestates, filtered 
samples for dissolved arsenic, and unfiltered samples for total arsenic are all digested to 
convert organically bound arsenic to inorganic arsenic(V). Organic arsenic-containing 
compounds are not quantitatively reduced to arsine or their corresponding arsines during 
the SDDC or AA-Hydride Generation procedures. Therefore, they are not completely 
determined unless decomposed first. To complete the digestion, a sample volume 
containing 2 to 30 jig o f  arsenic is treated with 7 mL o f  1:1 H2 SO4  and 5 mL of  
concentrated HNO3 and evaporated to sulfur trioxide fumes. Deionized, distilled (DI) 
water is added to an approximate volume of 25 mL and the sample is again evaporated to 
SO 3 fumes to insure all the HNO3 has been expelled. The sample is then diluted 
quantitatively to a suitable volume.
It has been reported that this digestion does not com pletely convert all 
monomethylarsonic acid (MMAA) or dimethylarsinic acid (DM AA) to inorganic 
arsenic(V) (9 ,14). The digestion must yield an 80% or greater recovery o f DMAA. If 
the recovery o f spiked DMAA is low, below 80%, the results must be reported as total 
recoverable arsenic and not total arsenic (9).
A potassium permanganate digestion has been shown to be more effective in 
decomposing stubborn organically bound species like DM AA (9 ,1 7 ,1 8 ). KMnC>4 (0.1 
mL o f 5% solution), 5 mL o f H2 SO4 , and 0.3 mL o f  HNO3 are added per 50 mL o f the
10
sample. The mixture is heated at 35°C for 1 hour, then the excess KMnC>4 is reduced 
with the dropwise addition o f 1.5% hydroxylamine hydrochloride (17).
The Atomic Absorption-Fumace Technique, does not require a digestion step for 
dissolved arsenic (9 ,1 3 ,1 4 ). To digest the sample for total arsenic, 30 mL of sample is 
treated with 2 mL o f 30% hydrogen peroxide and 0.25 mL HNO 3 . The sample is 
heated until the volume is reduced to approximately 10 mL, then diluted to a suitable 
volume.
ICP Spectroscopy also does not require a digestion step for dissolved arsenic 
(16, 19). For total arsenic, the sample is digested with concentrated nitric acid. 
Hydrochloric acid is also added before the sample is diluted to volume.
Quality Control
The recovery o f known additions o f specific arsenic standards to samples should 
be used to determine bias as a result o f digestions, extractions, and other procedures. 
Replicates are used to determine precision.
Silver Diethlydithiocarbamate (SDDC) Method
Summary
Organic compounds containing arsenic are decomposed to inorganic arsenic(V) 
by the addition o f nitric and sulfuric acids and repeatedly evaporating the solution to 
sulfur dioxide fumes. The nitric acid is thereby driven off. The arsenic(V) produced, 
along with the original inorganic arsenic, is reduced to arsenic(III) with hydrochloric 
acid, potassium iodide, and tin(II) chloride. Arsenic(III) is reduced to arsine gas, 
ASH3 , by the addition o f granular zinc in a closed system. The arsine is carried by the
11
hydrogen produced through glass wool impregnated with lead acetate and then through 
an absorbing solution o f silver diethyldithiocarbamate dissolved in pyridine. The arsine 
reacts with the absorbing solution forming a red-colored product(s), the absorbance o f  
which follows Beer's law and is measured spectrophotometrically at 535 nm. 
f l iStQXy
The procedure for the determination o f  arsenic colorimetrically with silver 
diethyldithiocarbamate was developed and reported by Vasak and Sedivec in 1952 (1). 
The analytical procedure has remained virtually unchanged to date. It is one o f  only four 
methodologies approved by the EPA for the evaluation o f arsenic concentrations in 
water supply or water pollution analyses (10 ,11). The only chemistry change from the 
original procedure to appear in any of the EPA approved references for the SDDC  
method allows for the replacement o f pyridine in the absorber with 1-ephedrine in 
chloroform. However, improved scrubber/absorber glassware has been designed and 
tested (20,21); some o f  which is now available commercially. The complete apparatus 
has been traditionally called a "Gutzeit generator", but "arsine" or "hydride generator" 
are more appropriate terms.
ThgQfy
Organic Arsenic-Containing Compounds
Organic arsenic-containing compounds are not reduced to their corresponding 
arsines or arsine under the conditions o f the method. Since they remain in solution they 
must be subjected to the digestion procedure previously described. As a result o f the 
digestion, the organically bound arsenic and all o f the inorganic arsenic are converted to 
arsenic(V). Inorganic arsenic alone can be determined by performing the SDDC method 
without the digestion. Total arsenic (organic and inorganic) can be determined by
12
completing the SDDC method with the digestion, with the organically bound arsenic 
concentration calculated by difference.
Reduction of Arsenate to Arsenite
Only inorganic arsenic(III) is quantitatively reduced to arsine under the 
conditions o f the method. Therefore, arsenic(V) must be reduced to arsenic(III) before 
the final reduction step. This is accomplished by the acidification o f the sample with 
concentrated hydrochloric acid and the subsequent addition o f  potassium iodide and 
tin(II) chloride. If the digestion step is performed, all o f the nitric acid must be expelled 
to insure it will not interfere in the arsenic(V) reduction. The sample is set aside for 
fifteen minutes to allow for quantitative reduction. However, in the 1.5 M HC1 matrix 
that is produced, the reaction is very rapid. The reactions involved are as follows:
2KI + H3ASO4  + 2HC1 -»  H3ASO3 + h  + H2O + 2KC1 
SnCl2  + 12 + 2C1- -»  21- + SnCU 
2HC1 + H3ASO4  + SnCl2  -> H3ASO3 + SnCU + H20
Some arsenic(V) is reduced to arsine by the final reduction even if it is not 
previously reduced to arsenic(III). The extent o f this reduction has been reported to be 
approximately 20% (22). The completeness o f arsenic(V) reduction to arsine is actually 
highly dependent on time and temperature. If the initial reduction was not performed, 
arsenic(V) would be very slowly reduced to arsenic(EH) under the conditions of the final 
reduction. Arsenic(m) is much more rapidly reduced to arsine by Zn/HCl/Sn(II). 
Reduction o f Arsenic(m) to Arsine
The final reduction o f  arsenite to arsine is accomplished by the addition o f  
granular zinc to the strongly acid solution in a closed system. The tin(EI) chloride is also 
involved in this reduction. The time allowed for the reduction o f  arsenic(III) to arsine
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and its subsequent collection by the absorber is 30 minutes. The half reactions involved 
in the final reduction are as follows:
The rate o f  the evolution o f  hydrogen is highly dependent on the presence of 
tin(II) ion. Without tin(II) ion, hydrogen is produced very slowly upon the addition of 
zinc (see R E SU L T S AND D ISC U SSIO N ). The rate should be fast enough to 
insure timely completion o f  the determination, but slow enough to maintain high 
absorber efficiency.
Lead Acetate Scrubbing
The hydrogen and arsine produced are passed through glass wool impregnated 
with lead acetate. Any hydrogen sulfide which may be evolved is removed, preventing 
it from poisoning the absorbing solution. The impregnated glass wool should not be 
excessively wet. If too much lead acetate solution is used, it can be forced by the gasses 
into the absorber. This must be avoided. The scrubber is necessary even with solutions 
not containing sulfides.
Absorption o f  Arsine
The traditional absorbing solution is silver diethyldithiocarbamate (SDDC) 
dissolved in pyridine. The structure o f SDDC is as follows:
H3ASO3 + 6 H+ + 6 e‘ = ASH3 + 3 H2O 
As + 3H+ + 3e- = AsH3 
H3ASO3 + 3H+ +3e- =  As + 3H20
2e- + 2H+ = H2  
Sn2+ = Sn4+ + 2e- 
Zn = Zn2+ + 2e-
N —  C —  S “ silver diethyldithiocarbamate
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SDDC dissolved in pryidine is yellow. The product(s) formed when arsine 
reacts with SDDC dissolved in an organic solvent, in the presence o f a base, is red. In 
pyridine the m aximum absorbance is at 535 nm (see R E S U L T S  A N D  
DISCUSSIO N). A  calibration curve can be prepared as the absorbance obeys Beer's 
law. Cells with a 1 cm path length are used for the spectrophotometry. Glass beads can 
be added to the absorber to increase efficiency. The color is stable for approximately 
20-30 minutes. The calibration plot has been shown to be linear to at least 20 |ig  total 
arsenic when 4 mL o f  absorbing solution are used (23, 24). In terms o f concentration, 
this is over 500 (ig As/L by traditional procedures or 200 jxg As/L with a 100 mL 
sample size. Arsenic standards are prepared using arsenic trioxide, AS2O3 , as a primary 
standard.
Chromophore
The reaction between SDDC and arsine produces a red-colored product(s) whose 
nature has been investigated. The arsenic from arsine has been reported to replace an 
equivalent amount o f silver in SDDC forming [(CH3CH2 )2NCS2 ]3As and the red color 
is assumed to result from this product (2). The preparation of this complex and those o f  
many other metals with SDDC are well known. They have been applied to the 
extraction o f  m etals from aqueous solu tions into organic phases (25). 
Diethyldithiocarbam ate is  unstable in acidic solutions and extractions with 
diethyldithiocarbamates are highly pH dependent (25).
The red color has alternatively been attributed to colloidal silver (14, 26, 27) 
which is formed by the reduction o f SDDC by arsine. The reactions are reported as 
follows:
AsH3 + 6 Ag(DDC) + 3B AsAg3 -3Ag(DDC) + 3(D D C ) + 3HB+ 
AsAg3-3Ag(DDC) + 3(DDC*) + 3HB+ ->  6 A g + As(DDC )3 + 3HDDC + 3B
where, Ag(DDC) is silver diethyldithiocarbamate (SDDC)
B is base (pyridine or 1-ephedrine)
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Although this theory attempts to account for the role o f the base in the reaction, it 
does not explain why different absorption spectra are observed for other hydride-SDDC 
reactions. Antimony, for instance, can be reduced to stibine gas, SbH3 , which reacts 
with SDDC in pyridine. The chromophore formed has a maximum at 510 nm (28, 29 ). 
In pyridine, the arsenic chromophore has a maximum at 535 nm. If colloidal silver was 
so lely  responsible for producing the color in these two system s, the maximum  
absorbance should be at the same wavelength.
A second maximum appears at 410 nm in the visible spectra o f  all SDDC 
absorbing solutions following completion o f the method (see R E SU L T S AND  
D ISC U SSIO N ). This maximum has been attributed to the formation of a hydrogen- 
SDDC complex (17). The location o f this maximum is not dependent upon the solvent. 
The intensity o f  the peak has been shown to increase with increasing hydrogen 
evolution, increasing analysis time, and increasing temperature (30).
An extensive investigation into the chromophore was undertaken by Csikkel- 
Szolnoki et al. in an attempt to clear up these inconsistencies (30). It was found that the 
presence o f the arsenic-SDDC complex, As(DDC )3  in pyridine, without any SDDC is 
not sufficient for red color formation. Silver from SDDC in pyridine was reduced to 
Ag(0) by hydrogen in the absence o f arsenic but the result was not a red-colored colloid 
but a molecular solution. A silver colloid was produced from SDDC in pyridine by 
reduction with hydroxylamine sulfate. However, the spectrum o f  the colloid had a lone 
maximum at 390 nm. A  red-colored chromophore with behavior equivalent to that of 
the analytical chromophore, was produced by the reduction with hydrogen o f a SDDC 
solution containing As(DDC)3 . They concluded that the chromophore formed in the 
determination o f  arsenic with SDDC is in solution and is a "polynuclear dithiocarbamate 
complex, containing Ag(0) and As(III) as central atoms".
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Solvent/Base Systems
Pyridine is the traditional solvent for SDDC, making up the absorbing solution. 
Pyridine has a very disagreeable pungent odor, is highly toxic, and is relatively 
expensive. Efforts to find suitable replacement solvent/base systems have been 
undertaken due to the problems with pyridine. Chloroform has been found to be a 
suitable solvent for SDDC when an organic base is present. A  summary o f some of the 
references citing the use of CHCI3 as a solvent for SDDC is as follows:
Table 3. Alternative Bases with Chloroform for the SDDC Method
Base (Reference) ab. max. stability sensitivitv
1-ephedrine (24, 31, 32) 520 nm 1 hour same
morpholine(24,33) 510 nm 72 hours same
monoethanolamine(29, 34) - - same
piperidine(24, 35) 500 nm 24 hours 2 0 % decrease
brucine(24, 36) 510 nm 4 hours 2 0 % decrease
cinchonidine(24) 510 nm 3 hours 2 0 % decrease
3-hexamethylenetetramine (37) 520 nm - -
a  -picoline(24) 510 nm 4 hours 50% decrease
notes: a) sensitivity as compared to the traditional pyridine system
b) pyridine system maximum absorbance 535 nm, stability 20 - 30 
minutes
The only chloroform/base system that is included for use in an EPA approved 
reference for the SDDC method is CHCl3/l-ephedrine. The Standard Methods reference 
allows the choice between pyridine or CHCl3/l-ephedrine (9).
Reduction with Sodium Borohvdride
The use o f sodium borohydride to replace the traditional Zn/HCl/Sn(II) reducing 
system has been investigated. It has been reported that sodium borohydride, when 
added slowly to the acidified sample in a closed system, reduces arsenic(III) to arsine 
(28, 38). Procedures reversing the order o f  reagent addition have also been 
investigated. The sodium borohydride is added to the sample initially, then the system
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is closed and acid is introduced (36, 39). This technique is appropriate only if  the 
reduction o f arsenic(V) to arsenic(m) can be assured before the addition o f acid, and if 
no arsenic(III) is reduced to arsine before the system is closed. These methods claim no 
appreciable increase in sensitivity. Sodium borohydride is very quickly hydrolyzed in 
acidic solution rapidly evolving hydrogen. The drastically increased reaction rate can 
cause a decrease in absorbing efficiency, not observed with a more moderate reaction 
rate. None of the EPA approved references allow for the use o f sodium borohydride. 
Interferences
List of Positive Interferences in the SDDC Method 
Sb, Ge, Te, Se, Hg
Many metals form stable complexes with diethyldithiocarbamate. Its metal 
complexes have been shown to be effective selective extractants o f  other metals from 
aqueous to organic solutions (25). Som e o f  these com plexes may even be 
chromophores when present with SDDC. However, without a mechanism of  
mobilization from the reaction vessel to the absorber many o f  these metals can not 
become positive interferences: only those metals which form volatile hydrides or other 
volatile species under the conditions o f  the final reduction can become positive 
interferences.
Antimony is the most notable positive interference. It will form a hydride, 
stibine, SbH3 , under the method conditions, which reacts in the absorber forming a 
chromophore which has a maximum at 510 nm. The extent o f the interference has been 
thoroughly investigated (17, 24, 26, 27, 29). Antimony concentrations o f 50 pg/L or 
higher are necessary to have a detectable effect on the determination. A  100 pg/L 
antimony solution will have an apparent arsenic concentration o f 8  pg/L which is near 
the detection limit (14). The addition o f extra tin(II) chloride can reduce the effect of 
antimony.
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Germanium, tellurium, and selenium are positive interferences in a similar 
manner, but with less documented behavior. It has been reported that the germanium 
concentration needs to be 300 pg/L and the tellurium and selenium concentrations 200 
pg/L before appreciable effects are observed (27).
Mercury vapors can reach the absorber resulting in a chromophore having a 
maximum absorbance at 425 nm.. Mercury can be formed in the reaction vessel as 
follows (17):
2Hg2+ + Sn2+—> Hg22+ + Sn4+
Hg22+ + Sn2+—> 2HgO + Sn4+
The interference has been shown to become significant at mercury concentrations o f  
1500 pg/L.
The positive interferences cited are very rarely present in natural waters at 
significant.
List of Negative Interferences in the SDDC Method 
Cr, Co, Cu, Mo, V, Ni, Pt, A g
The metals in the list above have been shown to cause a decrease in arsenic 
recovery (17, 24, 27, 40). They impede the production o f arsine in solution. The 
mechanisms are not clear. A  decrease in hydrogen production is observed for high 
levels o f vanadium. Molybdenum and vanadium are also known to complex with 
arsenite (40). Although the extent of the negative interference o f the metals is varied in 
the references cited, the effect is more dependent on their total, rather than individual 
concentrations. The sum o f these metals must be approximately 5000 pg/L before 
appreciable effects are observed. A total o f 7000 pg/L has been shown to cause a 10% 
decrease in recovery o f 40 pg/L arsenic solutions (17). The negative interfering metals 
are rarely present in natural waters at significant levels.
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Anionic Interferences
The anions common to water samples have been shown to have little effect on 
arsenic recovery (24). If the digestion step is performed, all o f  the nitric acid must be 
eliminated. The presence o f appreciable HNO3 would interfere with the reduction of  
arsenic(V) to arsenic (IE) causing a low recovery.
Elimination of Interferences
Arsenic can be concentrated and cationic interferences eliminated by passing the 
sample through an acidified anion exchange column (18). The arsenate and arsenite are 
bound to a strongly basic quaternary ammonium polystyrene resin with -N(CH3 )3+C1' 
as the functional group, as the cations pass through. The arsenic is then recovered by 
leaching with 9M HC1.
Detection Limit/Range
minimum detectable quantity (9): 1 pg As (35 mL sample)
method detection limit (MDL) (13): 10 pg As/L
optimum concentration range (14): 5 to 250 pg As/L (100 mL sample)
Precision/Accuracy 
overall, interlaboratory
synthetic sample, 40 pg As/L in reagent water, 46 laboratories, 
relative standard deviation ±13.8%, bias 0% (9 ,13)
synthetic sample 100 pg As/L in reagent water, 3 laboratories, 6  operators total, 3 days, 
relative standard deviation ±4 to 5%, bias -5% (14)
note: bias = (arsenic found - arsenic added)(1 0 0 %)/(arsenic added)
Molar Absorptivity
SDDC/pyridine system (24) £ = 13860 M ^cnr1
SDDC/chloroform/1 -ephedrine system (24) e  = 13650 M ^cnr1
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Atomic Absorption-Gaseous Hydride Generation
Summary
As in the SDDC Method, organic compounds containing arsenic are decomposed 
to inorganic arsenic(V) by the addition o f nitric and sulfuric acids and repeatedly 
evaporating the solution to sulfur dioxide fumes. The arsenic(V) produced, along with 
the original inorganic arsenic, is reduced to arsenic(III) with hydrochloric acid, 
potassium iodide, and tin(II) chloride. Arsenic (III) is reduced to arsine gas by the 
injection o f  a sodium borohydride (NaBKLj) solution into the closed reaction flask (9, 
13). Arsenic (ID) is alternatively reduced to ASH3 by the addition o f granular zinc (14). 
The arsine is then swept into the light path o f the spectrophotometer by a flow o f  argon 
or nitrogen. Arsenic is atomized by direct flow into an argon (or nitrogen)-air entrained- 
hydrogen flame or alternatively in an externally heated quartz tube (or cell) above a 
standard air/acetylene flame. The absorbance o f the sample, which is proportional to the 
arsenic concentration, is measured at 193.7 nm with background correction.
Theory
The sample treatment for hydride generation is essentially the same as it is in the 
SDDC Method, but the mode o f detection is different The method does not depend on 
the actual physical recovery o f arsine as the SDDC Method does. It measures the 
absorbance o f a rapid flow  o f  arsine in the light path o f  the spectrophotometer. 
Therefore, a faster reaction rate, which would decrease absorbing efficiency in the 
SDDC Method, is necessary for increased sensitivity o f  atomic absorption. Sodium  
borohydride instantaneously converts arsenic(III) to arsine in hydrochloric acid. At 
p H cl, arsenic(V) is only slowly reduced to arsenic(III) by NaBFLj. Arsenic(V) must be 
previously reduced (as in the SDDC Method) to arsenic(III) to allow quantitative 
recovery. Also, organic arsenic forms are not quantitatively reduced to gaseous 
hydrides under the method conditions; thus, previous digestion is required.
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The use o f a heated quartz cell to atomize the arsenic increases sensitivity by 
eliminating the noise associated with an argon (or nitrogen)-air entrained-hydrogen 
flame (41).
Interferences to the method are similar to those o f the SDDC Method. Elements 
that suppress hydride generation are negative interferences (42-44).
Detection Limit/Range
minimum detectable quantity (9): 0.1 fig As (50 mL sample) 
method detection limit (MDL) (13): 2 fig As/L 
optimum concentration range (14): 1 to 20 pg As/L
Precision/Accuracy
overall
synthetic sample 10 pg As/L in reagent water, 10 replicates, 1 laboratory, 
relative standard deviation ± 9%, bias -7% (13)
synthetic sample 18 pg As/L in reagent water, 6  laboratories, 10 operators total, 3 days, 
relative standard deviation ± 10-15%, bias -2% (14)
Atomic Absorption-Fumace Technique (Electrothermal Atomization)
Sumxnaiy
Nickel(II) nitrate is added to the sample as a matrix modifier to reduce 
interferences. The final nickel concentration present is 0.1%. A small sample volume 
(20 pL) is injected into a graphite tube (or cup) in the light path o f the 
spectrophotometer. The tube is heated electrothermally (30 seconds at 125 °C) to dry 
the sample. The sample is ashed to destroy organic matter (30 seconds at 1100 °C). 
The sample is finally atomized (10 seconds at 2700 °C). The parameters given are 
general and the recommended times and temperatures vary with instrumentation. The 
absorbance o f the atomized sample, which is proportional to the arsenic concentration, is 
measured at 193.7 nm with background correction.
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Theory
The sensitivity o f the AA-Fumace Technique to detect low arsenic concentrations 
from very small sample volumes results because ground state atoms remain longer in the 
optical path than they do in flame AA (9). Due to the extreme sensitivity, care must be 
taken to avoid contamination. The technique can detect 0.02 ng o f arsenic.
Although the addition o f  nickel(II) nitrate to modify the matrix reduces 
interferences, verification of arsenic recoveries should always be checked (13). The use 
o f standard additions is often required. The presence of high concentrations o f chlorides 
interfere with the determination of arsenic (14); thus, the use o f  hydrochloric acid for 
digestions should be avoided.
Detection Limit/Ranee
minimum detectable quantity (9): 0.02 ng As (20 pL sample) 
method detection limit (MDL) (13): lp g A s /L  
optimum concentration range (9 ,13 ,14 ): 5 to 100 pg As/L
Precision/Accuracy
overall, interlaboratory
synthetic sample, 10 pg As/L in reagent water,
relative standard deviation ± 40%, relative error ±36% (9)
synthetic sample, 22 pg As/L, in reagent water, 12 laboratories, 14 operators total, 
relative standard deviation ± 14-16%, bias +5% (14)
Inductively Coupled Plasma (ICP) Spectroscopy
Summary
The sample is directly aspirated through a nebulizer, forming an aerosol which 
passes into the plasma torch of an ICP atomic emission spectrophotometer where 
excitation occurs. The ICP source is a flowing stream o f argon gas ionized by an 
applied radio-frequency (RF) field inductively coupled to the ionized gas. The plasma is
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supported and confined by a water-cooled RF co il surrounding a quartz torch. 
Following atomization, characteristic atomic-line emission spectra are produced. The 
spectra are dispersed by the spectrophotometer. The intensity o f the arsenic atomic 
emission line at 193.7 nm is measured, and is proportional to concentration.
Theory
The temperatures in the analytical area o f the plasma are about 6000 to 8000 K. 
Atomic emissions are produced efficiently, with a wide linear dynamic range. The 
recommended calibration concentration for arsenic is 10 mg/L and the upper limit 
concentration is 100 mg/L (19). The detection limit for arsenic by direct aspiration is 
high, 50 pg/L; thus, a concentration step is necessary to determine low  arsenic 
concentrations usually present in natural waters (16). Concentration steps introduce 
error, and are time consuming. They also increase spectral interferences and increase 
dissolved solid levels, which increase physical interferences.
The use o f  hydride generation for the ICP detection o f arsenic has been 
developed (45, 46). Detection limits similar those o f  AA-hydride generation, 1 pg 
As/L, are reported. Currently, the ICP-hydride generation method for arsenic is not an 
EPA approved technique.
Detection Limit/Ranee 
direct aspiration
minimum detection limit (MDL) (16,19): 50 pg As/L 
upper concentration limit: 100 mg/L (100,000 pg As/L)
Precision Accuracy 
overall, interlaboratory
synthetic sample, 200 pg As/L in reagent water, 7 laboratories, 
relative standard deviation ±7.5%, bias +8 % (16)
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Comparison Of Methods 
The detection limits and ranges o f the four approved methods can be summarized 
as follows:
Table 4 Detection Limits and Ranges of EPA Approved Arsenic Methods
parameter SDDC AA-Hvd. Gen. AA-Fumace ICP Spect.
min. detect, quant 1 pg As O .lp g A s  0.02 ng As n/a
MDL 10 pg As/L 2 pg As/L 1 pg As/L 50 pg As/L
opt. conc. range 5-250 pg/L 1-20 pg/L 5-200 pg/L 50 pg-
100 mg/L
The advantages and disadvantages o f the four approved methods can be
summarized as follows:
Table 5 Advantages and Disadvantages Of EPA Approved Arsenic Methods
Method Advantages Disadvantages
SDDC inexpensive instrumentation slow
moderate MDL (10 pg As/L) involved sample prep,
moderate linear range small sample loads
AA-Hvd. Gen. sensitive and accurate involved sample prep.
very low MDL (2 pg As/L) narrow linear range
rapid
AA-Fumace very low MDL (1 pg As/L) matrix effects
extremely small sample vol. standard additions often required
lower precision 
narrow linear range 
contamination problems
ICP Spect. very wide linear range high MDL (50 pg As/L)
rapid samples may require conc.
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Arsenic Speciation 
General
In the most universal sense, speciation is differentiation by individuals having a 
common attribute, or designated by a common name. In this case, as it refers to the 
determination o f arsenic in water samples, a speciation can be differentiating between 
dissolved and suspended arsenic, or organic and inorganic arsenic, and the like. In the 
strict chemical sense, speciation is the differentiation o f oxidation states and compounds 
o f  an element. The forms o f arsenic commonly found and speciated in water samples 
are as follows:
List of Arsenic Forms Frequently Speciated
inorganic arsenic(III), arsenite, H3ASO3 pK i = 9.18
dimethylarsonic acid (DMAA), (CH3)2AsO(OH) pKa = 6.27 
monomethylarsenic acid (MMAA), CH3AsO(OH)2  pK l = 3.41 
inorganic arsenic(V), arsenate, H3ASO4  pK i = 2.22
note: All pK data reported in the text are from Lange's Handbook of  
Chemistry (47).
Analytical speciation o f these forms is the determination of how much arsenic is 
present in each form. For most waters, the concentration o f DM AA and MMAA are 
very low compared to the inorganic total. Therefore, the organically bound arsenic 
contribution is often not determined to simplify procedures. This presumption should 
be checked by determining total arsenic and total inorganic arsenic concentrations when 
analyzing real samples.
There are basically two ways to speciate analytes in general. One way is to 
detect the forms in a species-specific detector. For arsenic, some electrochemical 
detectors can be species-specific, responding to arsenic in a specific oxidation state. For 
the most part, however, the individual species must be separated from each other and 
then detected by a element-specific detector. AA and ICP are examples o f these. Some
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very efficient methods o f species separation, like chromatography, allow the use o f  
more universal detectors (FDD) when retention times o f standards can be checked
The property o f the arsenic species that virtually all o f the separation techniques 
are based on is acidity. The four species have different acid dissociation constants 
which were listed previously.
The degree o f dissociation, cto, is the fraction o f  undissociated acid present at 
equilibrium. It can be expressed, after the elimination o f negligible terms, by the 
following equations:
0Co= [H+]/([H+] + K i) or cto= 10-PH/(10'PH + K i)
H„B -> H+ + Hn-lB 
Ki = [H+][Hn-iB]/[H„B] 
n = number o f acidic protons 
B = base
A graph o f each species degree o f dissociation as a function o f pH is as follows:
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Figure 1 Degree of Dissociation of Arsenic Species
The pH of the sample can be adjusted to control whether a species is completely 
undissociated or in anionic form. Separations by hydride generation, chromatography,
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and liquid-liquid extraction all rely on pH control o f the degree o f  dissociation of target 
species. The specifics for each method will be discussed in the subsections to follow.
Treatment o f Samples and Standards
Samples
It is o f critical importance to assure that the arsenic(m)/arsenic(V) ratio and 
organic arsenic levels are retained from the time of sampling to analysis. Any secondary 
equilibrium, or other reactions must be prevented. The major problem encountered is 
oxidation o f arsenic(m) to arsenic(V).
It has been reported that without preservation, in 2 days at 10 pg As/L and 3 
days at 100 pg As/L, 50% of the arsenic(III) will be oxidized to arsenic(V) (48). 
Although some studies indicate that acidification with HC1 retards oxidation (49), others 
contend it increases arsenic(III) conversion (50). Obviously, contact with oxygen 
should be minimized in any case.
The most accepted method of preserving the As(m )/As(V) ratio is by immediate 
refrigeration o f the sample (8 ). Freezing the sample has also proven effective (50). 
Immersion o f the samples into liquid nitrogen has been used to rapidly freeze samples 
(51). The addition of ascorbic acid at 1 mg/mL has been shown to eliminate arsenic(III) 
oxidation without any reduction o f arsenic(V) in both samples and standards (48). The 
technique reportedly works at room temperature for at least 3 weeks.
Samples containing suspended matter should be filtered immediately (8 ). 
Arsenic(III) and (V) can be adsorbed on hydrous Fe(HI) oxides and other particulate 
matter.
The stability o f organic arsenic species has not been as thoroughly investigated, 
but the compounds are relatively stable. Refrigeration is  recommended for many 
organic analytes.
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Standards
The same considerations apply to standards. The integrity o f  standards should 
be checked routinely and replaced often or when warranted.
Evaporative Preconcentration
Evaporative preconcentration o f samples is a technique used to allow  
determination o f  arsenic at lower levels. This technique has been shown to effect the 
As(III)/As(V) ratio and cause losses o f DM AA at various pH levels, and is therefore 
unacceptable (52).
Selective Hydride Generation
Summary/Theory
Inorganic arsenic(III) and (V), M MAA, and DM AA can be separated by 
selectively generating their hydrides with sodium borohydride. The generated arsines 
can be separated further, due to different volatilities, and detected by atomic absorption 
or other suitable systems. The basis for the initial separation is the varying pKi values 
o f the arsenic species. Sodium borohydride will only reduce the arsenic acids to arsine 
or their corresponding arsines when they are in the completely undissociated state (5 3 ). 
This occurs at pH values on the left side o f  the curves in Figure 1, depicting the degree 
o f dissociation of the species as a function of pH. Arsenic(m) (and some DM AA under 
certain conditions) is selectively reduced by borohydride to arsine from solutions 
buffered pH 4-6, and determined, leaving arsenic(V), DMAA and MMAA in solution. 
The remaining species are reduced by sodium borohydride to arsine or their 
corresponding arsines in acidic solution. The gaseous arsines can then be separated 
from each other due to varying boiling points. The arsines are retained in a liquid 
nitrogen cold trap which is slowly warmed, releasing the arsines in order o f  decreasing
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boiling point. Alternatively, they are separated by gas chromatography. The main 
species determined and their reduction products are as follows:
Table 6 Reduction Products of Arsenic Species
Species m red, prod. B, p,
arsenic(III),, H3ASO3 9.23 AsH3 -55 °C
DMAA, (CH3)2AsO(OH) 6.27 (CH3)2AsH 36 °C
MMAA, (CH3)AsO(OH) 2 3.41 CH3ASH2 2 °C
PAA, C6H5AsO(OH )2 3.59 C6H5AsH2 148 °C
arsenic(V),, H3ASO4 2 .2 2 AsH3 -55 °C
note: The reduction product o f both arsenic(III) and arsenic(V) is ASH3.
The buffers used during arsenic(m) reduction, the methods o f separating volatile 
arsines, and modes o f detection vary and will be discussed.
Sodium Borohydride Reduction
In all cases, aqueous sodium borohydride solutions are used to generate the 
volatile hydrides. The hydrolysis o f borohydride produces the strongly basic 
metaborate ion as follows (54):
BH4 - + 2H20  ->  BO22- + 4H2  
The rate is rapid initially, but slows as the solution becomes more basic. 
Decreasing the pH drastically increases the rate o f  hydrolysis and evolution of 
hydrogen. The reaction in acidic solution is as follows (55).
BH4 - + H+ + 3H20  -> H3BO3 + 4H2  
Sodium borohydride is often used as a source o f hydrogen, and borohydride can be 
removed from solution by decreasing the pH. Even at pH 7, the hydrolysis of  
borohydride is 90% complete after 5 minutes; thus, NaBH4  reagent solutions are 
traditionally made up in 0.1 M NaOH to increase stability.
The hydrolysis rate also increases in the presence o f  some metal ions like Ni(II), 
Co(II), and Cu(II). The different rate equations have been represented as follows (56):
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no M2+ -d[BH4 -]/dt = ki[H+)[BH4 -]+ k2 [BH4 -]
with M2+ -d[BH4 -]/dt = (ki [H+]+ k2  +  k3 [M2+])[BH4 -]
The presence o f  high concentrations o f these metals have coincidentally been
shown to decrease hydride generation recoveries.
Reduction o f ArsenicQID
The first o f  the species to be separated from the sample is arsenic(III). It is
quantitatively reduced by sodium borohydride to arsine below a pH o f 6.3 (57). The
solution is buffered at pH 4-6, which prevents any reduction o f  arsenic(V) and
minimizes any reduction o f  DM AA if present. The buffer must be strong enough to
maintain the pH through the addition o f the strongly alkaline NaBH4  reducing solution
(usually in 0.1 M NaOH). The pH should not approach the pKi o f arsenic(m), 9.23,
but the buffer should only be as strong as necessary to allow quantitative reduction of
arsenic(III) if  DM AA is present. The amount o f DM AA reduced is increased by
increasing buffer strength (58). Some o f  the buffers that have been used during
arsenic(m) reduction are as follows:
Table 7. Buffers for Arsenic(lll) Speciation
Reference Buffer m Reductant
Braman et al. (59) potassium biphthalate 4-5 2% NaBHLj
Aggett;Aspell (60) citrate or acetate 4-5 5% NaBH4
AggetqAspell (38) citrate 4 1% NaBH4
Andreae (50) TRIS/HC1 6-7 4% NaBH4
Shaikhand;Tallman (61) acetate 5 5% NaBH4
Nakashima (62) Zr(IV), HC1 low 5% NaBH4
Feldman (48) TRIS/IRIS maleate 6.5 2% NaBH4
and KH2P0 4 /K 2HP0 4
Hinners (58) acetate 4.8 2% NaBH4
Howard et al. (63) acetate 6 1% NaBH4
Yammanoto et al. (49) citrate 5 3% NaBH4
Anderson et al. (64) citrate 6 .0 1% NaBHLj
Reduction o f ArsenicfV)
The reduction o f arsenic(V) to arsine with sodium borohydride w ill occur 
quantitatively only at pH 1-2 (or less). At these pH values arsenate is completely
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undissociated. Arsenic(V) must be reduced to arsenic(III) before arsine is generated. 
This can be accomplished by borohydride itself at low pH by the reaction (65):
4 H3ASO4  +BH4* + H+ —» 4 H3ASO3 + H3BO3 + H20  
The rate o f this reaction is slow, much slower than the rate of reduction o f arsenic(M) to 
arsine. The rate is restricted by the rapid dissolution of borohydride. Theoretical 
calculations indicate the reduction o f arsenate should not occur above pH 6  (65). Since 
the rate o f  arsine generation must be fast enough to be quantitatively measured by the 
detector, all o f the EPA approved methodologies for total arsenic require prior reduction 
o f arsenic(V) to arsenic(III) before the hydride generation step. However, none o f  the 
researchers listed in Table 7 include a prereduction step for arsenic(V) speciation.
If the responses o f arsenic(III) and (V) can be shown to be identical under the 
reduction conditions used for arsenic(V) speciation, then no prereduction step is 
necessary. Studies comparing these responses have been undertaken. In strong HC1 
solutions (5-7 M), the atomic absorption peak heights produced by arsenic(V) have been 
shown to be 60-70% o f arsenic(m) response (6 6 ). The difference between arsenic(III) 
and arsenic(V) response is less if  peak areas are integrated (67). The difference can be 
eliminated if  arsine is trapped before detection (6 8 ). In continuous hydride generation 
systems, the response from arsenic(V) compared to arsenic(m) increases from 50% to 
90% when a 26 turn mixing coil is incorporated (57).
These data indicate that the difference in the reduction o f arsenic(V) and 
arsenic(III) in acidic solution is indeed kinetic and given enough time, arsenic(V) 
reduction is quantitative. However, the reduction o f arsenic(V) is often incomplete in 
the time that NaBfLj exists in acidic solution (67).
Other studies indicate that arsenic(V) can be quantitatively reduced to arsine 
without prereduction, provided sufficient NaBILj is added (58). The response o f
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arsenic(V) has been shown to be only 30% o f the arsenic(III) response when 1% 
NaBH4  is used, but 90% with 4% NaBH* (69).
The reduction recoveries o f arsenic(V) without prior reduction to arsenic(III) are 
dependent on the system used. Acid and NaBFLj concentrations, sample volume, 
reaction time, apparatus dead volume, purge flow rates and detector parameters all are 
involved.
Reduction of DMAA and MMAA
In the determination o f  total arsenic by EPA approved hydride generation 
methods, a digestion step is required to convert all organically bound arsenic to 
arsenic(V) (see Digestion, in Determination o f Total Arsenic section), assuring 
quantitative recovery. It has been found that quantitative recoveries can be achieved for 
DM AA and MMAA if  repeated additions o f NaBHL* are made and the pH is maintained 
around 1 (59). Repeated NaBH4  additions are possible in these systems because the 
volatile arsines are retained in a liquid nitrogen cold trap and are not flowing directly into 
the detecting system.
A pH of approximately 1 should be maintained. This has been accomplished 
with the addition o f oxalic acid (48 ,53 , 59) or mercaptoacetic (thioglycolic) acid (57), 
creating a system buffered at low pH.
Some researchers have determined DMAA and MMAA at much lower pH; 6  M 
HC1 (50 ,61 ). However, studies have shown that both DM AA and MMAA response to 
hydride generation decreases with increasing acid concentration at p H cl (57). In 4 M 
HC1, only 15% o f DM AA is reduced (58). In fact, it has been shown that after 
separation o f arsenic(III), arsenic(V) can be determined with no interference from 
DM AA and only from slight interference MMAA in 5-10 M HC1 (57, 58). This may be 
explained by the basic properties observed for DM AA in strongly acidic solutions, 
where it forms adducts with mineral acids (3).
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Separation o f Arsines
Once the various arsines are generated, they can be retained and concentrated in a 
liquid nitrogen cooled trap packed with glass wool or glass beads. The trap is then 
warmed slowly so the arsines are successively volatilized according to boiling points 
(48 ,50 , 53, 59, 6 1 ,7 0 ,7 1 )  (see Table 6 ), or heated rapidly so the arsines can enter the 
column o f a gas chromatograph as a plug for subsequent separation (50, 72). The 
trapping allows for the concentration o f analyte which results in a lower detection limit 
and better sensitivity.
Rearrangement reactions o f the gaseous arsines after generation and before 
detection have been observed. The loss o f a methyl group, transforming DM AA to 
MMAA is an example (72). These rearrangements can be minimized by removing any 
oxygen present, including dissolved O2  in the samples.
Continuous Hydride Generation
Systems incorporating continuous hydride generation techniques have been 
investigated (57, 64, 65). In these systems the solutions (sample, buffer, and NaBFLi) 
flow by means o f  peristaltic pumps and are mixed in narrow bore tubing. The mixed 
solution is purged in a liquid-gas separator and the hydrogen/arsine gasses are swept 
into a heated quartz tube for AA spectroscopy. The technique is rapid but does not 
allow cold trapping for separation of arsines.
Interferences
Metals that hinder hydride generation are negative interferences (refer to 
Interferences in Determination o f Arsenic with SDDC section). Cu(II) is the chief 
interference in the hydride generation o f arsenic(m) in citrate buffer (49). Its effect can 
be masked by the addition o f thiourea, and at low pH, the effects o f Ni(II), Cu(II), 
Zn(II), and Fe(II) can be masked by EDTA (57). Divalent metal, M(II), interferences 
are attributed to competition to hydride generation from precipitation o f M° (under the
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reducing conditions), an increase in borohydride hydrolysis rate (56), and gas-solid 
absorption (arsine-M°) (6 6 ).
Detection Systems
Various techniques have been used to detect the arsines after separation. Atomic 
absorption and emission detection are element specific, but are not species specific. 
Species identification must be done by comparing recoveries and retention times (if 
applicable) o f  standards. A summary o f  the detection systems used in hydride 
generation arsenic speciation is as follows:
Table 8 Detection Systems for Arsines 
Separation Meth. Detection System Pet. LimitRef.
(62
(60
(58
(49
(38
(63
(73
(57
(64
(71
(61
(59
(48
(72
(50
direct hyd. gen. 
direct hyd. gen. 
direct hyd. gen. 
direct hyd. gen. 
direct hyd. gen. 
direct hyd. gen. 
direct hyd. gen. 
cont. hyd. gen. 
cont. hyd. gen. 
CT-slow warming 
CT-slow warming 
CT-slow warming 
CT-slow warming 
CT-gas chrom. 
CT-gas chrom.
AA-heated quartz cell 
AA-hydrogen flame 5 pg As/L
AA-hydrogen flame 1 pg As/L
AA-hydrogen flame 0.05 pg As/L  
SDDC 100 pg As/L
SDDC 100 pg As/L
ICP 0.1 pg As/L
ICP
AA-heated quartz cell 0.2 pg As/L  
AA-heated quartz cell 8  ng As/L  
AA-graphite furnace 0.01 pg As/L  
dc He glow discharge 0.01 pg As/L  
dc He glow discharge 1 ng As 
microwave emission 0.25 pg As/L  
FED or elect, capture 0.02 pg As/L
note: CT is cold trapping 
SDDC Detection
The use o f SDDC as a detection method for hydride generation arsenic speciation 
has been investigated (38, 63). In both o f  techniques arsenic(III) is reduced with 
sodium borohydride from buffered solution to arsine, which is absorbed by SDDC  
dissolved in pyridine. Total arsenic is determined on a separate acidified sample (38) or 
arsenic(V) is reduced from the same sample sequentially following acidification (63). 
High detection limits o f 100 pg As/L are cited in each case. In the arsenic(ffl)/total
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arsenic system, arsenic(V) is calculated by difference. N o mention o f MMAA or DMAA 
is made, but total arsenic is determined in 4 M HC1; thus, little reduction o f these species 
would be expected. No prereduction of arsenic(V) is done before the hydride generation 
o f  total arsenic by sodium borohydride. The rate o f  hydrogen evolution from the 
hydrolysis o f NaBKLj in 4  M HC1 is extremely rapid. This can cause losses o f arsine 
through inefficient absorption. None o f the EPA approved methodologies for total 
arsenic determination with SDDC allow NaBH4  to be the reductant for these reasons.
In the sequential system o f Howard and Arbab-Zavar (63), arsenic(V) is also 
determined without prereduction by hydride generation with NaBPLt after acidification. 
The same problem occurs with this approach. DM AA and MMAA were noted to be 
interferences in the arsenic(V) speciation. Spectra o f chromophores resulting from the 
generation of hydrides in mixtures o f DMAA, MMAA and inorganic arsenic are given. 
N o separate spectra resulting from either dimethylarsine or monomethylarsine by 
themselves are reported. Whether or not these arsines do produce absorbance peaks 
with SDDC dissolved is pyridine was not proved by these investigators.
High-Performance Liquid Chromatography 
High-performance liquid chromatography (HPLC) can be used to separate 
arsenic species rapidly from small sample volumes. In the technique, the liquid sample 
is injected into a HPLC column packed with a coated stationary phase and eluted 
through the column by a liquid mobile phase. Separation o f  the species results from 
their varying affinity for the stationary phase coating. The separated fractions either 
travel directly into a detecting system or are collected for determination.
Basic strong anion exchange columns are used most frequently to achieve 
separation (74-79). The retention times o f the arsenic species in these columns are
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highly dependent on their different acidities. They are eluted in descending order o f
their pKi values as follows:
List of Arsenic Species in Order of Elution by Anion Exchange HPLC
arsenic(III), H3ASO3 pK i = 9.18
dimethylarsinic acid (DMAA) pKa = 6.27
monomethylarsonic acid (MMAA) pK i = 3.41
arsenic(V), H3ASO4  pK i = 2.22
In anionic form the species are retained, but in the undissociated form, they have 
little affinity for the anion exchanger. Both isocratic and gradient elution (increasing 
acidity) result in the same separation order. Column conditioning with di-n-butylamine 
phosphate can decrease interferences from chlorides (74).
Ion-paired reversed phase, C i8 , HPLC columns have also been used to effect 
separation (80-85). The same order of elution is generally observed.
Column switching techniques using anion exchange and reversed phase columns 
in sequence have been used. This allows for arsenobetaine, an organic arsenic 
compound found in seafood, to be included in the speciation (8 6 , 87).
The detection systems used after separation include hydride generation-AA 
hydride generation-ICP, hydride generation-atomic fluorescence spectroscopy (AFS) 
graphite fumace-AA, ICP, and inductively coupled plasma-mass spectroscopy (ICP- 
MS). The approximate average detection limits reported for these systems are as 
follows:
Table 9. Detection Systems for Arsenic Speciation by HPLC
P etS£riQn.S.VStgms Detection Limits
hydride generation-AA (75 ,77) 2-25 |ig  As/L
hydride generation-ICP (75 ,80) 50-100 |i,g As/L
hydride generation-AFS (75) 20 (ig As/L
graphite fumace-AA (82) 20 |ig  As/L
ICP (direct injection)(83) 130 |ig  As/L
ICP-MS (79) 20-90 pg As
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Ion Chromatography
Separation o f arsenic species can be achieved by ion chromatography (IC) (8 8 - 
92). In all o f  the systems, samples are eluted by HC0 3 ‘/C0 3 27 0 H' solutions through 
Dionex anion separator columns.
The traditional mode of detection for anions by IC is conductivity measurement 
after passage o f the sample through an acidic suppressor column. Arsenic(V) responds 
in this detector, with a typical minimum detectable concentration o f 25 \ig As(V)/L (8 8 ). 
Arsenic(III) shows virtually no response in the detector, because o f  very weak 
ionization (As(V) pKi,=2.22, As(III) pKi,=9.18). Speciation o f  inorganic arsenic can 
be achieved by determining arsenic(V) and total inorganic arsenic on separate samples. 
Total inorganic arsenic is determined after oxidation o f arsenic(III) to arsenic(V) with 
hydrogen peroxide (8 8 ), and arsenic(m) is calculated by difference. Neither DM AA nor 
MMAA is oxidized or determined by this method.
Inorganic arsenic can also be sequentially speciated after IC separation by 
measuring arsenic(III) before the suppressor column in an amperometric electrochemical 
detector. Both single-potential and triple-step-pulsed-potential electrode systems have 
been used (90). The eluant then passes through the suppressor column to a conductivity 
detector where arsenic(V) is determined (90,92).
Separated inorganic arsenic species can also be speciated simultaneously by 
ultraviolet absorbance at 200 nm. Detection limits reported are 25 (ig As/L and 600 |ig  
As(V)/L (90).
Direct current plasma (DCP) has been investigated as a mode o f detection for IC 
separated arsenic species, but insensitive detection limits o f approximately 500 \Lg As/L  
result (91).
Organic and inorganic arsenic speciation has been reported at very low levels (10 
ng As/L) by detecting IC separated arsenic species with continuous hydride generation-
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heated quartz fumace-AA spectroscopy (89). Different eluant concentrations and 
gradient conditions on separate aliquots are necessary to resolve arsenic(III), arsenic(V), 
DM AA, M M AA, and aminophenylarsonic acid (p-APAA) before acidification and 
hydride generation.
Column Chromatography 
In column chromatography, the liquid sample is introduced to the top o f a tube 
packed with a coated stationary phase, then eluted by a liquid mobile phase and gravity. 
Separation results due to differing affinities o f the arsenic species for the coating. 
Inorganic and (or) organic arsenic species can be separated by ion-exchange column 
chromatography prior to detection by a suitable method.
Inorganic arsenic species can be separated by eluting the sample through a 
column packed with AG1-X8 anion exchange resin in the acetate form with HC1 (93). 
Arsenic(III) elutes first, then arsenic(V), due to their different pKi values. The species 
are then determined by graphite fumace-AA with a detection limit of 2 pg As/L.
Column chromatographic systems that that include speciation o f  DM AA and 
MMAA using graphite fumace-AA detection have been investigated (52,94-97). Anion 
(AG 1-X8) and cation (AG 50W -X8) exchange resins are incorporated in the same 
column. The arsenic species can then separated by sequential gradient elution with 
trichloroacetic acid. The technique allows detection o f 10 pg As/L.
The same cation and anion exchange resins can be put into separate columns for 
the separations (97, 98). In a technique using differential pulse polarographic (DPP) 
detection, the four arsenic species are converted to arsenic(HI) after their isolation using 
four aliquots. One aliquot is taken for the direct determination o f arsenic(III), a second 
is reduced with SO2  for total inorganic arsenic determination, arsenic(V) is then 
determined by difference. The third aliquot is passed through the cation exchange
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column such that only DM AA is retained. It is then stripped, digested to arsenic(V), 
reduced to arsenic(III), and determined by differential pulse polarography (DPP). The 
fourth aliquot is passed through the anion exchange resin such that only arsenic(V) and 
MMAA are retained. The MMAA is then selectively eluted, digested to arsenic(V), 
reduced to arsenic(III), and determined by DPP. Detection limits o f 8  pg/L for DMAA 
and 18 pg/L for MMAA are reported (98).
Similar dual column separations can be performed before graphite fumace-AA 
detection (97). Three aliquots are used to obtain the four isolated species. The first 
aliquot is taken directly for total arsenic determination by graphite fumace-AA. DMAA 
is isolated from the second aliquot after its retention and subsequent elution from the 
cation exchange column. MMAA and arsenic(V) are introduced and retained on the 
anion exchange column. The MMAA and arsenic(V) are then selectively gradient eluted 
for determination. Arsenic(III) is calculated by arithmetic difference. The detection 
limits reported are 0.02 pg/L for DMAA, 2 pg/L for MMAA, 0.4 pg/L for arsenic(III) 
and 4 pg/L for total arsenic.
Hydride generation-AA has also been used to determine arsenic species 
separated by similar techniques (99).
Gas Chromatography(GC)
In gas chromatography, the analytes must be volatile or form heat-stable volatile 
derivatives. The volatile species (or derivatives) in solution are injected into a heated 
column where they are separated in the gas phase. The mobile phase is a carrier gas. 
Arsines can be liberated from aqueous solutions by purging follow ed by gas 
chromatographic separation and flame ionization detection ( 1 0 0 ).
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Inorganic arsenic and other organic arsenic species (DMAA, MMAA) can only
be separated by GC if  they are first derivatized to volatile compounds prior to their
introduction to the column. The most common reagent used for this purpose has been
thioglycolic acid methylester (TGM), based on the affinity o f the acidic anionic arsenic
compounds for the -SH group (75, 101). The derivatives are separated in packed or
wide bore fused silica columns and detected by FID or electron capture (102). Some of
the arsenic compounds (derivatives) separated by GC are as follows (101):
List of Arsenic Compound Derivatives for GC Separation
thioglycolic acid methyl ester derivatives 
N,Obis(trimethylsilyl)trifluoracetamide derivatives 
trimethylsilyl derivatives 
diethyldithiocarbamate derivatives
The use o f GC after hydride generation is discussed in the selective hydride
generation section.
Selective Liquid-Liquid Extraction 
Detection bv AA-Graphite Furnace
Inorganic arsenic(m) and (V) may be speciated in water by means o f selective 
liquid-liquid extraction into organic phases and subsequent determination by graphite 
fumace-AA. In all o f  the techniques, arsenic(III) is selectively extracted into the organic 
phase, leaving arsenic(V) in the aqueous phase. The arsenic(V) is then reduced to 
arsenic(III) and sequentially extracted (103-105), or calculated by difference after its 
reduction in a separate sample and total arsenic determined (106, 107). The organic 
extracts are either back extracted into aqueous phases before arsenic determination by 
graphite fum ace-AA (103, 104, 107), or their arsenic concentrations determined 
directly.
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List of Extracting Systems Used for Inorganic Arsenic Separation
diethylammonium diethyldithiocarbamate (DDDC) in carbon tetrachloride (103) 
ammonium sec-butyldithiophosphate (ABDP) in hexane (104) 
ammonium pyrrolidinedithiocarbamate (APDC) into methyl isobutyl 
ketone(MIBK)( 106)
ammonium pyrrolidinedithiocarbamate (APDC) into chloroform (107)
O, O-diethyldithiophosphate (HDEDTP) in chloroform (107)
ammonium pyrrolidinedithiocarbamate (APDC) into chloroform and carbon tetrachloride 
(105)
The reductant typically used to convert arsenic(V) to arsenic(III) in these systems 
is sodium hydrogen sulfite/sodium thiosulfate at low pH (103 ,106 ,107). Titanium(lH) 
chloride solutions have also been used (105). Back extractions into aqueous phases 
have been accomplished by evaporation (103), with bromine water (104) and with 1000 
mg Cu(II)/L solutions(107). Cu(II) has a much higher affinity for APDC than does 
As(in).
The reported detection limits range from the typical AA-graphite furnace 
detection limit o f 1 pg/L to 6  ng/L for the ABDP/hexane system with back extraction 
into bromine water.
Some organic compounds containing arsenic would be expected to be extracted 
and determined as arsenic(III) in these systems. Dimethylarsinic acid (DM AA) is not 
extracted into the DDDC/CCI4  system, unless oxidized to inorganic arsenic(V) and 
reduced to arsenic(m) before extraction (103).
Detection bv Neutron Activation Analysis
Neutron activation analysis (NAA) has been used as a method o f detection of 
arsenic species after separation from water samples by selective extraction (108-113).
Ammonium pyrrolidinedithiocarbamate(APDC) in chloroform has been used to 
selectively extract arsenic(m) at pH 1 to 1.5 followed by back extraction into 50% nitric 
acid. Arsenic(V) is sequentially isolated after its reduction with sodium thiosulfate and
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potassium iodide (110,113). The sensitivity o f NAA, elimination o f interferences, and 
concentration o f  analyte, combine to produce a detection limit o f 1-10 ng As/L (110, 
113).
No interference from DMAA or monomethylarsonic acid (MMAA) was observed 
in a diethylammonium diethyldithiocarbamate (DDDC)/benzene sequential system with 
back extraction into 0 .1M sodium nitrite in 1.5 M HNO3 (111).
Arsenic(V), DM AA and MMAA can be quantitatively extracted from 0.01M  
ammonium molybdate at pH 4.8 (acetate buffer) into 0.01M  tetraphenylarsonium 
chloride in 1,2-dichloroethyne (111). DMAA and MMAA are then back extracted into 
3.3 M HC1 for NAA, leaving arsenic(V) in the organic phase.
Inorganic arsenic can also be speciated by substoichiometric NAA analysis 
(112). After the addition o f  radioactive arsenic(III), trivalent arsenic is separated 
substoichiometrically by chelate extraction with thionalide. After the addition o f  
radioactive arsenic(V), pentavalent arsenic is separated substoichiometrically by ion-pair 
extraction with tetraphenylarsonium chloride in the presence o f excess pyrogallol. No 
interference from DMAA or MMAA is reported.
Selective Precipitation
Inorganic arsenic(III) and (V) may be speciated in water by selective  
precipitation and detection by energy-dispersive X-ray spectrometry (114). Arsenic(III) 
is  recovered  and concentrated  by filtration after precipitation with 
dibenzyldithiocarbamate (DBDTC). Arsenic(III) is then directly determined on the 
membrane filter by X-ray spectrometry. Arsenic(V) (and organically-bound arsenic 
species) in the filtrate can be determined by any suitable technique. Alternatively, 
arsenic(V) can be coprecipitated with hydrated iron(III) oxide, filtered, and determined
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by X-ray spectrometry. Although detection limits are dependent on sample volumes, 
200 |i.g As/L was the lowest calibration concentration used.
Colorimetry
Molvbdoarsenate
Arsenic(V) in acidic solution will react with ammonium molybdate (as will 
phosphate and silica) forming the heteropoly molybdoarsenate (molybdophosphate or 
molybdosilicate) complex, which can be reduced by ascorbic acid to intensely colored 
"molybdenum blue" for spectrophotometric measurement Total inorganic arsenic has 
traditionally been determined by this method after oxidation of arsenic(III) to arsenic(V) 
with iodate. The procedure is subject to considerable interference by phosphate and 
silica and requires extensive sample preconcentration to achieve detection limits in the 10  
(J-g/L range (2).
Modifications to this methodology allow for inorganic arsenic speciation (115-
118).
Phosphate, arsenate, and arsenite can be separated by solvent extraction after 
formation o f  heteropoly complexes (115). Phosphate and arsenic(V) are reacted with 
ammonium molybdate. The molybdophosphate complex is separated by solvent 
extraction into a n-butanol/chloroform phase. The molybdoarsenate complex is then 
extracted into a n-butanol/chloroform/acetone phase. The arsenic(III) remaining in the 
aqueous phase is oxidized to arsenic(V) with iodate, reacted with ammonium molybdate, 
and extracted into another n-butanol/chloroform/acetone phase. Each organic phase is 
then treated separately but equivalently. It is washed and back extracted into a sodium 
hydroxide solution. The solution is acidified with HC1. Ferrous ammonium sulfate and 
potassium thiocyanate solutions are added. Y ellow  molybdenum thiocyanate is 
produced, which is extracted into a n-butanol/chloroform phase for spectrophotometric
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measurement at 475 nm. The very tedious procedure, with all o f  its concentrating steps, 
is reported to produce a detection limit of 80 ng As/L (0.02 pg As in a 250 mL sample).
Simpler but less sensitive speciation methods also rely on the fact that only 
arsenic(V) will react with ammonium molybdate forming molybdoarsenate (116,117). 
Three separate determinations must be made. First, arsenic(V) and phosphate are 
determined together on an untreated sample by reacting it with ammonium molybdate, 
reducing the two heteropolymolybdates to "molybdenum blue" and measuring the 
absorbance at 880 nm. Then arsenic(V), arsenic(III), and phosphate are all similarly 
determined together on a second aliquot after oxidation o f arsenic(III) with iodate. 
Finally, phosphate is determined alone on a third aliquot after reduction o f arsenic(V) to 
arsenic(m ) with thiosulfate. The concentrations o f the three species are calculated 
through simultaneous equations. Detection limits are approximately 200 pg/L. High 
phosphorus and silica concentrations introduce error in the arsenic speciation.
Alcoholic extractions o f  molybdoarsenate from water samples have also been 
used to separate arsenic(V) and arsenic(III) for detection by atomic absorption 
spectroscopy (117).
Liberated Iodine
It has been reported that arsenic(HI) can be determined by measuring the amount 
o f iodine that is released when arsenite is oxidized to arsenate with iodate in sulfuric acid 
(119). The liberated iodine produces a pink color when extracted into carbon 
tetrachloride, which is measured spectrophotometrically at 520 nm. The detection limit 
cited is 2 pg As(III)/L. Total arsenic must then be determined by another method. 
Although no interference was observed from arsenic(V), chloride, fluoride, or nitrate, 
any substance capable o f reducing iodate (like Fe(II)) will be determined as arsenic(III).
45
Voltammetry and Polarography
The speciation o f  inorganic arsenic by differential pulse polarography (DPP) is 
possible because arsenic(V) is electroinactive (12, 120-122). Arsenic(III) can be 
determined by DPP, where a linearly increasing direct current (dc) potential is applied to 
the hanging mercury drop electrode o f a polarographic cell. A  dc pulse o f an additional 
20 to 100 mv is also applied just before the detachment o f  the mercury drop. The 
current is measured prior to and near the end o f  the pulse. The difference in current per 
pulse is measured as function o f the linearly increasing voltage (123). Peak heights in 
the differential curve that results are directly proportional to concentration.
In the speciation of inorganic arsenic by DPP, arsenic(III) is directly determined 
in 1 M HC1 with a detection limit o f 7 jxg As/L. Total inorganic arsenic is determined 
after reduction o f arsenic(V) to arsenic(m) with sodium hydrogen sulfite. Arsenic(V) is 
calculated by difference.
Arsenic(V) becomes electroactive in the presence o f D-mannitol (120). Total 
inorganic arsenic can be determined in its presence with a detection limit of 10 |j.g As/L. 
Arsenic(III) is determined without the addition o f D-mannitol.
In differential pulse anodic stripping votammetry, inorganic arsenic is deposited 
from an acidified sample onto a rotating gold electrode. The species are then stripped 
anodically with the peak current proportional to the arsenic(m) level. Electroinactive 
arsenic(V) is reduced by sulfur dioxide for determination o f total inorganic arsenic. A  
low detection limit o f  0.2 jig As/L is possible because the analytes are concentrated on 
the electrode (124).
D eterm inations o f  organic arsenic sp ecies, phenylarsine oxide and 
triphenylarsine, have been accomplished at the 10' 9  to 10' 8 M levels by differential 
pulse voltammetry (121). The presence o f  these organic arsenicals interfere with the 
determination of the inorganic species.
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Comparison of Methods
Without cold trapping o f  arsines, selective hydride generation can separate 
inorganic arsenic species rapidly, and when coupled with atomic absorption 
spectrophotometry can be very sensitive. With cold trapping, the organic arsenic 
species can be included, but with sacrifices in speed and simplicity. Cold trapping can 
also concentrate analytes for lower detection limits.
HPLC requires only small sample volumes and can provide rapid separation of 
species. The technique allows moderate to good sensitivity when coupled with many 
suitable detection systems. Although analytes are not concentrated by HPLC separation, 
with ICP-MS detection, extremely low detection limits are realized.
Ion Chromatography can also rapidly separate the species from small sample 
volumes, but traditional IC detection provides only fair sensitivity for arsenic species. 
Detection limits can be lowered when external detection is incorporated.
Column or ion-exchange chromatography can concentrate arsenic species from 
large sample volumes. Multiple elutions and slow flow rates are time consuming, but 
good sensitivity can be achieved when the technique is combined with AA-graphite 
furnace detection.
Gas chromatography can separate arsenic forms but only after volatile 
derivatives o f  the species are made.
Selective liquid-liquid extraction can separate and concentrate analytes from 
com plex matrices. The operations are tedious due to solvent extractions, phase- 
separations, and back extractions. Low detection limits are realized with the common 
AA-graphite furnace detection system. Extremely small amounts o f analyte can be seen 
when the separation technique is coupled with NAA.
Colorimetry techniques with molybdoarsenate for inorganic species are slow and 
often insensitive. Those that incorporate concentrating extraction steps can determine
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arsenic(III) and (V) at very low  levels, but are very laborious. Expensive 
instrumentation is not necessary for these procedures.
O f the electrometric methods, DPP can directly speciate inorganic arsenic, and 
voltammetry can detect organic and inorganic arsenic compounds at low levels.
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II. EX PER IM EN TA L SECTIO N
The apparatus, reagents, standards, and procedures used and developed during 
the analytical research are described in the following sections. Procedures for the 
determination o f total arsenic (or total inorganic arsenic without prior sample digestion), 
arsenic(m) speciation, and sequential arsenic(V) speciation are described. The steps in 
the procedures are listed in the order they were performed to compete the methods in the 
simplest, most rapid fashion.
ApgaratHS
Glassware
Schematic drawings o f  the glassware systems that were used during the 
analytical research are presented in ILLUSTRATIONS at the end o f the document. A 
ring stand and clamp were necessary to hold each o f the separate glassware systems 
upright and in place. They were not included in the drawings so the functional 
glassware systems would be emphasized.
Illustration 1 represents a commercially available (Wheaton Scientific) arsine 
generation apparatus. The scrubber and absorber were separate pieces in this system, 
but can be joined into one piece as shown in Illustrations 3 ,4 , and 5.
Illustration 2 depicts the improved apparatus that was designed and tested by 
experimentation. The improved apparatus was more elaborate, and therefore, more 
expensive than the traditional glassware. The hot plate was replaced with a round- 
bottom flask heater (Thermowell) and temperature controllers (Glas-Col).
Illustration 3 is a schematic drawing o f the apparatus developed for arsenic(III) 
speciation. The system depicted was the final, most efficient one, which was arrived at 
through numerous modifications. The third neck o f the three neck round bottom flask 
was custom made (Wheaton Scientific) to accommodate the system design. It had a
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screw thread joint instead o f the standard 24/40 joint. The screw threads allowed the 
fastening o f screw cap valve/septum systems (Pierce Chemical Company). In the open 
position, the Teflon mininert valves allowed a syringe needle to pass through a silicone 
rubber septum into the flask. Then, after the injection o f  reagent and the removal o f the 
needle, they were closed.
Illustration 4 shows five separate arsenic(m) speciation apparatus in the hood. 
Five apparatus (with ring stands) were all that would fit into a standard size laboratory 
hood, and five determinations were enough for one operator to handle at one time. The 
copper plumbing system was attached to the back o f the hood. Each apparatus had its 
own needle valve to control nitrogen flow. A  hood was necessary for all o f  the 
determinations because o f the disagreeable odor o f pyridine.
Illustration 5 shows the apparatus for the sequential determination o f arsenic(V). 
The gas dispersion tube was replaced with a Teflon stopper.
Instrumentation
a. Spectrophotometer, visible (Bausch & Lomb Spectronic 20). The instrument 
was used to measure the absorbance o f SDDC solutions at 535 nm in 1 cm test 
tube cells.
b. Spectrophotometer, scanning UV-visible (Beckman ACTA MIV). The 
instrument was used to produce spectra o f the absorbing solutions by scanning 
through the visible range. 1 cm square cells were used.
c . pH meter (Coming Model 12).
d. pH  electrodes, gel-filled combination (Beckman).
e. Inductively coupled plasma-atomic emission spectrometer (ICP) (Perkin Elmer 
Plasma 40). The instrument was used to check the concentrations o f  standards 
by direct aspiration.
f . Atomic absorption spectrophotometer, electrothermal atomization (Perkin Elmer 
560). The instrument was used to detect arsenic species remaining in solution 
after volatilization procedures.
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Reagents
A ll o f the reagents used in the experimentation were ACS reagent grade. Those 
reagents requiring special care in handling due to toxicity or other hazardous properties 
are as follows:
a. Sodium borohydride, NaBFLt powder (Aldrich Chemical Company), This 
reagent is a corrosive, toxic, moisture-sensitive flammable solid, that reacts 
violently with acid. It was always stored in a desiccator.
b. Sodium cyanoborohydride, Na(CN)BH3 powder (Sigma Chemical Company), 
This reagent is a poisonous, hygroscopic, pressure generating flammable solid. 
It was always stored in a desiccator.
c. pyridine, C5H5N (J.T. Baker), reagent grade , This reagent is highly flammable, 
toxic, carcinogenic and has a very disagreeable odor. It was always used in a 
hood.
d. hydrazine, H2 N N H 2  (Eastman Organic Chemicals), practical grade, 64% 
aqueous solution, This reagent is toxic, a skin irritant, carcinogenic and reacts 
strongly with oxidizers.
The hazards associated with many of the more common reagents used in this 
study will not be detailed. Analysts attempting any o f these procedures should be aware 
o f the handling procedures for acids, bases, lead salts, silver salts and the like.
Some o f the other reagents that bear special mention are as follows:
a. Silver diethyldithiocarbamate, SDDC (J.T. Baker), powder, This expensive 
reagent is light sensitive. It was always stored in a refrigerator.
b. Sodium citrate, dihydrate, (EM Science), This reagent is added in high 
concentration for arsenic(m) speciation. It is essential that it be low in arsenic 
content.
c . Zinc metal, (Fisher Scientific), This reagent also must be very low in arsenic due 
to its addition during total arsenic determination. Fisher reagent grade zinc was 
found to be low enough in arsenic concentration. 2 0  mesh granules are the most 
efficient size. The powder and 30 mesh granules float too easily and do not stay 
at the bottom o f the flask.
d. hydrochloric acid, HC1, concentrated (J.T. Baker), This reagent was added at 
high concentrations to the buffer for arsenic(m) determination. It was also 
added in significant amounts for acidification in the determination of total arsenic 
and sequential speciation o f  arsenic(V). It was important that the reagent be very 
low  in arsenic. J.T Baker reagent grade HC1 did not contain any detectable 
arsenic when used during the study.
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e. nitric acid, HNO3 , concentrated (J.T. Baker), Reagent grade HNO3 was found
to be o f sufficient purity for standard dissolution and preservation.
Standards
The arsenic compounds used to make up the standard solutions were as follows:
a. arsenic(III), arsenic trioxide, AS2 O 3 , primary standard 99.999%  (Aldrich 
Chemical Company), This standard is highly toxic and a suspected carcinogen. 
It was stored in a desiccator.
b. arsenic(V), sodium arsenate, dibasic, heptahydrate, Na2HAsC>4 -7 H2 0  (Aldrich), 
this standard is highly toxic and a cancer suspect agent. It was stored in a 
desiccator.
c. DMAA, sodium dimethylarsenate, trihydrate, (CH3)2As0 (0 Na)-3 H2 0  (Sigma 
Chemical Company), This standard is poisonous, may be fatal i f  swallowed, 
inhaled, or absorbed through the skin, and is a carcinogen. It was stored in a 
desiccator.
d. MMAA, disodium methylarsonate, hexahydrate, CH3As0 (0 Na)2 -6 H2 0  (Chem 
Service, Box 3108, Westchester, PA, 19381), This standard is highly toxic by 
ingestion or inhalation. It was stored in a desiccator.
Each time a new standard solution was made up it was checked for absolute 
arsenic concentration by comparison to an existing arsenic(III) standard. These 
solutions were generally 1000 mg As/L. The analyses were conducted by directly 
aspirating the standards into the ICP with no dilution. Although no detection limit study 
was conducted, the MDL appeared to be approximately 1000 |ig  As/L by this ICP 
technique.
Methods 
Determination o f Total Arsenic 
The reagents that were used for the traditional total arsenic determination are 
essentially the same as those for the improved method. Total arsenic was determined 
with inorganic standard solutions only. The digestion step that is necessary to determine 
total arsenic on a real sample, or with organic arsenic standards, was not performed. 
The modifications to the methodology were tested; the digestion procedures are well 
established.
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Reagents
a. arsenic stock standard solution, 1000 mg As/L, 1.3203 g o f primary standard 
arsenic trioxide, AS2O3 , was dissolved in approximately 10 mL o f DI water 
containing 4 g o f NaOH and diluted to 1000 mL.
b . hydrochloric acid; HC1, concentrated, reagent grade.
c. potassium iodide solution, 15%, 15 g o f KI was dissolved in 100 mL DI water.
The solution was prepared daily before use.
d. tin(II) chloride solution, 40 g o f SnCl2 *2 H2 0  was dissolved in in 100 mL 
concentrated HC1. The solution was stored indefinitely (3 years).
e. lead acetate solution, 10 g Pb(C2H3 0 2 )2 -3 H2 0  was dissolved in 100 mL DI 
water. The solution was stored indefinitely (3 years).
f . cotton balls.
g. glass wool.
h. silver diethyldithiocarbamate solution, 1.00 g SDDC was dissolved in 200 mL 
pyridine. The reagent was stored in a refrigerator. The solution was prepared 
daily before use.
i. pyridine, reagent grade.
j . zinc, 2 0  mesh granules.
Traditional Procedure (see Illustration 11
1. Preparation o f the SDDC Absorbing Solution
Only the necessary quantity was made up each time: 4 mL was necessary for 
each determination from a 100 mL sample. The salt was weighed out in a 
beaker, the pyridine was added, a magnetic stir bar was put in, and the mixture 
was stirred on a magnetic stirrer in the hood until dissolved.
2. Preparation o f the Working Arsenic Standard
1.00 mL of the 1000 mg/L stock arsenic standard was quantitatively diluted with 
DI water to 100 mL making the concentration 10 mg As/L.
3. Preparation o f Standards and Blank
Each standard or blank was prepared in 250 mL beakers. 35 mL o f DI water 
was put in each beaker. The appropriate quantity o f working arsenic standard 
was added and mixed. 5 mL o f concentrated HC1, 2 mL o f KI solution, and
0.40 mL o f tin(II) chloride solution were added successively to each beaker and 
mixed. The solutions were poured into their respective reaction flasks, followed 
with DI water rinsing o f  the beakers.
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4. Preparation of Scrubber/Absorber
Glass wool was put into the scrubbers and impregnated with lead acetate 
solution. The scrubbers were attached to the absorbers and the assembly 
inserted into the flasks. 4.00 mL of SDDC solution was pipetted into each 
absorber.
5 . Generation o f Arsine
3 g portions o f zinc granules were weighed out into plastic boats. With a zinc 
portion in one hand, a scrubber/absorber assembly was removed with the other. 
The zinc was dumped in and the scrubber/absorber assembly im m ediately  
replaced into the flask. The process was repeated for each apparatus. After 30 
minutes each apparatus was warmed gently to assure complete arsine evolution.
6 . Measurement o f Absorbance
Each absorbing solution was transfered to a 1 cm cell, and the absorbance was 
measured at 535 nm, using fresh SDDC solution as reference zero.
Improved Procedure (see Illustration 2)
1. Preparation of the SDDC Absorbing Solution 
same as in traditional procedure
2. Preparation of the Working Arsenic Standard
same as in traditional procedure
3. Preparation o f Standards and Blank
Each standard or blank was prepared in 250 mL beakers. 100 mL o f DI water 
were put in each beaker. The appropriate quantity o f working arsenic standard 
was added and mixed. 25 mL o f concentrated HC1, 10 mL of KI solution, and 
2 mL o f  tin(II) chloride solution were added successively to each beaker and 
mixed. The solutions were poured into the 100 mL separatory funnels (with the 
stopcocks closed) above their respective reaction flasks. DI water rinsing of the 
beakers were added to the separatory funnels.
4 . Preparation of Scrubber/Absorber
Cotton balls were put into the scrubbers and impregnated with lead acetate 
solution. 2 mL of solution was adequate for proper scrubbing, did not carry 
over into the absorber, and did not impede the progress o f arsine. The scrubbers 
were used moist. The scrubbers apparatus were attached to the absorbers and 
the assemblies inserted into the flasks. 4.00 mL o f  SDDC solution was pipetted 
into each absorber.
5 . Generation o f Arsine
8  g o f  zinc was put into each round-bottom reaction flask. The stopcocks o f the 
separatory funnels were opened allowing the solutions to flow into the flasks. 
After the last o f the solution had been dispensed, the stopcocks were closed. 
The separatory funnels were rinsed once; the rinsing added to the flask through 
the stopcock. After 90 minutes the apparatus was warmed gently to assure 
complete arsine evolution.
6 . Measurement o f Absorbance 
same as in traditional procedure
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Speciation o f Arsenic(m)
Reagents
a. Arsenic(III) stock standard solution, 1000 mg As(III)/L, 1.3203 g o f  primary 
standard arsenic trioxide, AS2O3 , was dissolved in approximately 10 mL o f  DI 
water containing 4 g o f NaOH and diluted to 1000 mL.
b . hydrochloric acid, HC1 concentrated, reagent grade.
c. nitric acid, HNO3 , concentrated, reagent grade.
d. citrate (1.5M)!HCl buffer, pH  5.0, 441.2 g o f  sodium citrate, dihydrate was 
dissolved in distilled water and diluted to 1000 mL. The pH was adjusted to 5.0 
by the addition o f concentrated HC1. The buffer was stored until depleted.
e. sodium borohydride solution, 4% , 4.00 g o f  NaBHj was dissolved in 100 mL 
o f  0 .0 IN  NaOH. The solution was prepared daily before use.
f . sodium hydroxide solution, 0.01N, 0.40 g o f NaOH was dissolved in 1000 mL 
o f DI water.
g. SDDC solution
h . lead acetate solution
i. cotton balls
Procedure (see Illustrations 3 and 41
Determination of Citrate/HQ Buffer Volume
It was necessary to determine the amount o f buffer necessary for proper pH 
control with each new batch o f citrate/HCl buffer prepared. 5.00 mL o f 4% 
NaBH4  in 0.1N NaOH was added to 100 mL o f  DI water in a 250 mL beaker. 
The citrate/HCl buffer at pH 5.0 was then added 1 mL at a time with the pH 
monitored. The amount o f buffer necessary to lower the pH from its high initial 
point to 6  was determined and recorded.
1. Preparation o f the SDDC Absorbing Solution 
same as in traditional procedure for total arsenic
2. Make up 4% NaBHt solution in 0.01N NaOH
5 mL was necessary per determination. The mixture always had a slightly 
cloudy appearance.
3. Preparation o f the Working Arsenic Standards
1.00 mL of each 100 mg/L stock arsenic standard was diluted to 100 mL making 
the concentration 10 mg As/L.
55
4. Preparation o f Standards and Blank
Each standard or blank was prepared in 250 mL beakers. 100 mL o f DI water 
was put into each beaker. The appropriate quantities o f the working standards 
were added to produce the arsenic(III) and/or arsenic(V) levels desired. Without 
further dilution, 0.1 mL o f 10 mg/L working standard was necessary for each 10 
pg As/L. The citrate/HCl buffer was then added and mixed (15 mL was the 
average volume). The solutions were poured into their respective reaction 
flasks, with DI water rinsing o f the beakers.
5. Preparation o f Scrubber/Absorber
Same as in the improved procedure for total arsenic
6 . Glassware Assembly
A gas dispersion tube was inserted into the side neck o f each flask via a rubber 
stopper. The manifold tubing was attached. Each scrubber/absorber was 
inserted. The valve/septum systems were screwed on in the open position. 4.00 
mL of SDDC solution was pipetted into each absorber. The nitrogen tank 
regulator was opened allowing gas to flow to the closed needle valves.
7 . Generation o f Arsine from Arsenic(IH)
Syringe/needle assem blies without plungers were inserted through the 
valve/septum on each flask. 5.00 mL o f NaBHj solution was pipetted into the 
first syringe. The plunger was introduced and slowly pushed down, injecting 
the NaBtij. solution. The rate o f gas evolution was controlled by the plunging 
rate. After all the NaBILj. solution was dispensed, the syringe was removed, the 
valve was shut, and the needle valve opened to allow a moderate flow  o f  
nitrogen through the gas dispersion tube. The process was repeated to the 
remaining four reaction vessels. After 30 minutes the flasks were warmed 
gently to assure the complete evolution o f arsine.
8 . Measurement o f Absorbance
same as in the traditional procedure for total arsenic.
The absorbance was proportional to the arsenic(III) concentration.
Sequential Speciation of Arsenic(V)
Reagents
a. hydrochloric acid, HC1, concentrated reagent grade.
b. potassium iodide solution, 50%, 50 g o f  KI was dissolved in 100 mL o f DI
water. The solution was prepared daily before use.
c. tin(II) chloride solution.
d . lead acetate solution.
e. cotton balls.
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f. SDDC solution.
g. zinc granules.
Procedure (see Illustration 5)
1. Preparation o f the Glassware
Each gas dispersion tube was replaced with a Teflon stopper. The used 
scrubber/absorber assemblies were removed.
2 . Reduction o f arsenic(V) to arsenic(m)
25 mL o f  concentrated HC1 was added to each reaction flask and mixed, 
removing any remaining NaBH4 . 10 mL o f 50% KI, followed by 2 mL of 
tin(II) chloride solution were added and mixed. The solution was warmed for 
30 minutes then cooled.
3. Preparation o f the SDDC Absorbing Solution 
same as in the traditional procedure for total arsenic
4. Preparation of Scrubber/Absorber
Clean scrubber/absorbers were prepared for each flask as in the improved 
procedure for total arsenic. 4.00 mL o f SDDC solution was pipetted into each 
absorber.
5. Generation o f Arsine
8 g portions o f zinc granules were weighed out into plastic boats. With a zinc 
portion in one hand, a Teflon stopper was removed with the other. The zinc was 
introduced and the Teflon stopper immediately replaced. The process was 
repeated for each apparatus. After 60 minutes each apparatus was warmed to 
assure complete arsine evolution.
6 . Measurement o f Absorbance
same as in the traditional procedure for total arsenic
The absorbance was proportional to the arsenic(V) concentration.
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III. RESULTS AND DISC U SSIO N
Determination of Total Arsenic
Modifications to the Procedure 
Determination of total arsenic by the SDDC Method is a sensitive and accurate 
technique. However, the existing procedure does suffer from some problems with 
sample introduction and glassware design (see Illustration 1). It is an awkward 
operation to hold the fragile and sensitive scrubber/absorber assembly (containing 4 mL 
o f SDDC solution) in one hand while adding zinc to the flask with the other. As the zinc 
enters the solution and the reaction begins, the operator must quickly insert the 
scrubber/absorber into the flask. This process can result in spilled SDDC solutions, 
broken intricate glassware, and losses o f arsine. The minimum detectable quantity 
reported in the literature for this procedure is 1 jig o f arsenic in a 35 mL sample volume 
or approximately 30 |ig  As/L (9), but the EPA Method lower limit o f determination is 
10 |i.g As/L (13).
The modified apparatus depicted in Illustration 2 allowed for a 100 mL sample 
volume and permitted changes in the way the arsine generating reaction was initiated. 
No arsine could be lost because the system was always closed. Since the analyte 
solution flowed into the flask that contained the zinc, an initial vigorous reaction rate 
was replaced by a more steady moderate one, possibly increasing absorber efficiency. 
There was no assembly required after the reaction started, eliminating the possibility o f  
spillage or breakage.
Data from Standards 
A  calibration curve that was generated by using the modified technique on 
standard solutions in DI water is shown in Figure 2. The data points were successively
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generated using the procedure previously described in the E X P E R IM E N T A L  
S E C T IO N .
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Figure 2. Total Arsenic Standard Curve
In the Clean Water Act, the EPA describes four procedures to estimate detection 
limits. In one of the procedures that can be applied to colorimetry, the detection limit is 
"that region of the standard curve where there is a significant change in sensitivity, i.e., 
a break in the slope o f the standard curve" (11). By plotting absorbance divided by 
concentration versus concentration, the detection limit can be visualized. A  graph o f this 
type for the calibration data is shown in Figure 3. This detection limit was 5 |ig  As/L or 
0.5 |ig  As in the 100 mL sample. This compares favorably to the detection limits 
previously cited. A 5 |!g As/L concentration results in an absorbance o f approximately 
0 .03 .
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Figure 3. Total Arsenic Detection Limit Plot
A portion o f the visible spectrum produced from the analysis o f a blank (DI 
water) by the modified procedure (Zn/HCl/Sn(II) reduction) is shown in Figure 4. The 
spectrum was generated point by point on the Bausch & Lomb Spectronic 20 and may 
not be perfecdy smooth. The peak at 410 nm always appears in spectra from blanks but 
increases in size when arsenic is present. The nature o f  this peak has been discussed in 
the Chromophore subsection in the INTRO DUCTIO N.
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Figure 4. Blank Spectrum from Zn/HCI/Sn(ll) Reduction
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A portion o f the visible spectrum produced from the analysis o f a 50 |ig  As/L  
standard by the modified procedure is shown in Figure 5. This spectrum was also 
generated point by point on the Spectronic 20. The maximum stretched from 534 to 538 
nm, with the analytical wavelength at 535 nm.
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Figure 5. Spectrum from 50 pg As/L Standard, Zn/HCI/Sn(ll) Reduction
Lead Acetate Scrubbing 
In an attempt to reduce the time for the analysis o f standards in DI water, 
attempts were made to eliminate the lead acetate scrubber. This resulted in a 10-20% 
(15% average) loss in recovery from standards. The nature o f  this phenomenon was not 
clear. Removal o f impurities resulting from the zinc or removal o f water vapor are 
possible explanations, but lead acetate scrubbing was essential for Zn/HCl/Sn(II) 
reduction in all cases. Glass wool was replaced with cotton balls, which were easier to 
work with and produced the same results.
Role o f Tin(EI)
The reduction o f arsenite during the SDDC procedure is often described as being 
due to zinc and hydrochloric acid (9, 14). Tin(II) also plays an integral role in the final
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reduction. This was shown by subjecting arsenic standards to the SDDC Method 
without tin(II) addition. The normal vigorous release o f hydrogen was not observed 
without tin(II) and little color change occurred until tin(II) was added. Its addition 
immediately increased the reaction rate and normal color development was achieved. 
Tin(II) chloride increases the rate o f hydrogen production and reduction o f arsenic (III). 
It also plays a role in the reduction o f arsenic(V) to (HI) and reduces iodine produced 
from KI reduction o f arsenate back to iodide.
Speciation o f Arsenic 
Summary
It was found that inorganic arsenic could be speciated with SDDC detection two 
ways. One way was to determine arsenic(III) by selective hydride generation and then 
determine arsenic(V) sequentially on the same sample. Arsenic(V) was reduced to 
arsenic(III) and then further reduced to ASH3 with Zn/HCl/Sn(II) for SDDC detection. 
The other way was to determine total inorganic arsenic by the modified procedure 
without prior sample digestion. Selective hydride generation determination of  
arsenic(III) on a separate sample was performed. Arsenic(V) could then be calculated 
by arithmetic difference. This was possible because DMAA and MMAA were neither 
determined by, nor did they interfere in any o f  the SDDC techniques developed. Total 
organic arsenic could be calculated by performing the total arsenic procedure on an 
undigested sample, which would determine total inorganic arsenic. The total arsenic 
procedure could then be done on a digested aliquot which would determine organic and 
inorganic arsenic. Organic arsenic could then be calculated by difference.
The subsections that follow will describe the experimental path that led to these 
generalizations.
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Reagents and Standards 
Although it has been reported the SDDC solution are stable for a period of  
months (14), it was found that the stability o f SDDC solutions could not be relied upon 
over any period of time. The salt is light sensitive and in pyridine, the absorbing 
solution seemed to have no predictable shelf life, sometimes lasting days, and other 
times weeks. Since experimentation schedules were sporadic, fresh SDDC solutions 
were made up each time. A bad SDDC solution showed no visible signs o f a problem, 
but decreased recoveries resulted
In DI water, N aB U t decomposes to rapidly to use as the reducing agent. 
Although, it was found that 0.001 N NaOH was basic enough to stabilize NaBEU 
solutions, 0.01 N NaOH was generally used as the solvent for NaBH4  in this 
experimentation. The reagent was also made up fresh each day o f analysis.
Arsenic(V) standards were indefinitely stable in 0.5% HNO3 . Arsenic(III) 
standards in 0.1 N NaOH showed slow oxidation to arsenic(V). Although the rate 
varied, after a few weeks a 10% oxidation could be observed. The ascorbic acid 
preservation technique was not attempted. The standard was replaced when warranted. 
The stability of DMAA and MMAA.standards was not established
Arsenic(III) Speciation
Apparatus
The apparatus shown in Illustrations 3 and 4 were the final systems arrived at 
through numerous failures and subsequent changes. All o f the changes resulted in a 
more complex expensive system. Nitrogen introduction into each flask during the 
selective reduction o f arsenic(III) was necessary to provide an inert carrier for arsine 
through the absorber. NaBELj. reduction did not provide the steady stream o f hydrogen
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gas that Zn/HCl/Sn(II) reduction did. The gas dispersion tubes allowed for higher 
pressures at low flow rates and the small bubbles produced effectively mixed the 
samples. Simple glass tubing did not work. A lso, individual needle valves were 
necessary to start, stop and control flows to each flask.
Sodium borohydride injection was initially done by removing a stopper and 
successively squirting in a milliliter at a time. Although 90% recoveries were obtained 
doing this, arsine was being lost. To avoid this loss, a screw cap valve/septum syringe 
NaBH4  injection system was designed and custom made.
One piece scrubber/absorbers were also obtained which were less awkward, had 
no point o f possible leakage, and were easier to clean. The absorbers were cleaned with 
concentrated nitric acid and rinsed with DI water after each use.
Sodium Borohydride
The optimum quantity o f NaBH4  necessary to produce a quantitative reduction 
o f arsenic(III) from a 100 mL sample was 5 mL o f 4% NaBH*, whereas 2% NaBFLt 
would only produce an 80% yield.
B uffers
Three buffers were tested for the pH control o f  arsenic(III) reduction. They 
were acetate/HCl, tris(hydroxymethyl)aminomethane (TRIS)/HC1, and citrate/HCl.
The buffer system  used by Howard and Arbab-Zavar for speciation o f  
arsenic(HI) with SDDC was sodium acetate/HCl (63). Attempts to use the prescribed 
buffer were unsuccessful because it was o f  insufficient comcentration to control the pH 
for a quantitative reduction o f arsenic(III). However, a 2 M acetate/HCl buffer at pH 
5.0 would control the pH o f  a 100 mL sample from rising too high during the addition 
o f  the highly alkaline NaBH4  solution. Although this buffer allowed quantitative
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reduction o f arsenic(IH) to arsine, it also permitted a 10% reduction o f  arsenic(V) to 
arsine.
Attempts were also made to use the TRIS/HC1 buffer system o f  Andreae (50). 
TRIS/HC1 was found to have an insufficient buffering capacity between pH 5-6, the 
optimum pH range for arsenic(III) reduction. It was a better buffer between pH 7-8. 
This buffer may work for the smaller sample volumes used for A A  detection, but it 
would not for the 100 mL samples sizes necessary for SDDC detection.
The most effective buffer system was found to be sodium citrate/HCl. It had a 
high buffering capacity between pH 5-6, as the pK2 o f citric acid is 4.77 and the pK3 is 
6.39. A  2 M sodium citrate solution, brought to pH 5.0 by HC1, was the optimum 
buffer. However, sodium citrate precipitated out o f this solution after a few weeks.. 
Larger volum es o f  a similar 1.5 M citrate buffer were used thereafter, with no 
precipitation problems. The pH o f the standards (100 mL) were 5.3 after the addition of 
the proper amount o f buffer. The pH went up to 6.0 after the addition o f  5 mL of 4% 
NaBH4 . Quantitative arsenic(IEI) reductions were obtained with less than 1% reduction 
o f arsenic(V).
The order o f  buffer/reductant addition could be reversed with similar results. 
NaBH 4  could be mixed with the sample in the flask, followed by buffer injection 
lowering the pH. This procedure produced slower reaction rates, but equivalent 
outcomes.
Data from Standards
The final procedure was evaluated by the analysis o f standard mixtures o f  
arsenic(III) and arsenic(V) to see if  selective quantitation could be achieved. A 
calibration curve generated from successive data points is presented in Figure 6 . The 
blank values were in the presence o f  100 jig As(V)/L , and they typically had
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absorbances o f 0.01 or lower. The detection limit calculated by the rigorous standard 
deviation o f the line method, using sy/x (125), was 5 fig As(III)/L. The spectrum 
produced from a blank with NaBH4  reduction is shown in Figure 7. It was generated 
on the Beckman ACTA MTV scanning spectrophotometer. The blank peak was shifted 
slightly lower than its Zn/HCl/Sn(II) counterpart (see Figure 4). The spectrum 
produced from a 50 |ig  As(III)/L standard is shown in Figure 8 . While the size o f the 
peak at 400 nm increased, the analytical wavelength was still 535 nm.
0.60
y = 0.00371 + 0.0057lx  
r = 0.99930.50
g  0.40
c«
X> 0.30how
■2 0-20
°  absorbance
0.10
0.00
0 10 20 30 40 50 60 70 80 90 100
\lg A s(III)/L  
Figure 6. Arsenic(lll) Standard Curve
0.2 0 -
0. 10 -
absorbance
' T  *  T *  T *
360 380 400 420 440 460 480 500 520 540 560 
w avelength , nm
Figure 7. Blank Spectrum from Sodium Borohydride Reduction (As(lll) Determination)
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Figure 8. Spectrum from 50 pg As(lll)/L Standard, Sodium Borohydride Reduction
Sequential Speciation of Arsenic(V)
Reduction with Sodium Borohydride
Many of the investigators, whose systems were discussed the literature review, 
sequentially generated arsine from arsenic(V) after the initial arsenic(III) reduction by 
simply lowering the pH and adding more NaBH4  solution. Howard and Arbab-Zavar 
reported using SDDC detection successfully with that technique (63). This approach 
was tried, but was not effective for SDDC detection for a number o f reasons. First, and 
most important, the rate of NaBH4  hydrolysis at low pH was extremely rapid. The 
hydrogen production was so vigorous so as to cause the SDDC solution to be pushed 
out o f the absorber. Needless to say, efficiency was very low. Second, by this 
technique, NaBKLt must first reduce arsenic(V) to arsenic(m) by itself before ASH3 will 
be generated. This is a slow reaction, but NaBFLj does not exist long in acid solution.
This process may work with atomic absorption detection, where a smaller 
sample sizes can be used, permitting increased NaBH4 /sample ratios. The rapid
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hydrolysis produces a spike that can be detected by AA . However, for SDDC  
measurement, the arsine must be physically captured, not just observed by an 
instrument.
The only way this process would work with SDDC detection is if  the sample 
was continually m ixed and the NaBH4  solution was slow ly dripped in, until the 
arsenic(V) was quantitatively reduced and efficiently absorbed. This would be very time 
consuming.
Prereduction o f arsenic(V) to arsenic(III) is required for EPA approved methods 
before the final reduction to arsine with NaBfL*, The inclusion o f a prereduction step 
was performed in an effort to achieve a sequential quantitative reduction o f arsenic(V). 
After the initial arsenic(III) reduction and determination, the remaining arsenic(V) was 
reduced to arsenic(HI) by various methods. By doing this, the NaBFL* still had to be 
added deliberately, but since the slow step of the reduction was already accomplished, a 
timely production o f arsine would result.
Attempts to use tin(II) chloride for this purpose failed because NaBHj reduced 
tin(II) to stibine, S11H4 , turning the absorbing solution orange in the presence o f arsenic. 
A similar problem occurred when KI was used for the prereductant. When the NaBfLt 
was added, a brown cloud appeared in the absorbing solution. Sodium  
cyanoborohydride was tried as the prereductant. However, the hydrolysis rate that 
resulted in the final reduction was even faster than with NaBH4  alone, and a 33% 
recovery was realized.
It was theorized that if  arsenic(V) could be reduced to arsenic(III) at high pH, 
then a reduction at pH 5-6 could be done, speciating the prereduced arsenic(V). 
Hydrazine, 5 mL o f  a 64% aqueous solution, was added to the 100 mL buffered 
samples after arsenic(III) reduction. The pH was lowered to 5.0 and additional NaBHj
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was added. However, no arsine was generated until the pH was lowered to 1-2, then an 
80% recovery was obtained.
Reduction with Zinc/HCl/TinOD
Quantitative recoveries o f arsenic(Y) were only realized by reducing it to 
arsenic(III) with KI and Sn(II) and then to arsine with Zn/HCI/Sn(II). The solutions 
were first acidified to remove the last traces o f NaBHt. The presence o f BC>32‘ from the 
initial reduction was shown to have no effect on arsenic(V) recoveries. However, the 
rate o f arsenic(V) reduction to arsenic(III) was decreased by the presence o f  the 
citrate/HCl buffer. KI reduction o f arsenic(V) to (III) was only rapid in very acidic 
solution. The presence o f buffer required more HC1, stronger KI, warming, and more 
time to reduce arsenate than without it. The extra time necessary makes the 
determination o f arsenic(V) by arithmetic difference approach more attractive.
Data from Standards
The final procedure was evaluated by the analysis o f standard mixtures o f  
arsenic(III) and arsenic(V). A calibration curve generated is presented in Figure 9. The 
blank values are for arsenic(V) determination after the reduction o f  100 \ig  As(HI)/L 
standards from the same solution. In other words, solutions containing 100 ng 
A s(m )/L  and no arsenic(V) were put through the entire sequential speciation process as 
arsenic(V) blanks. They typically had an absorbance o f 0.02 or lower, from arsenic(III) 
that was incompletely reduced to arsine in the initial reduction and/or arsenic in the 
reagents. The detection limit calculated by the standard deviation o f  the line method, 
using Sy/x (125), was 7 \ig As(V)/L.
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Figure 9. Arsenic(V) Standard Curve, Sequential Speciation, Zn/HCI/Sn(ll) Reduction
Comparison o f Standard Curves
Table 10. Statistical Comparison of Standard Curves
curve n v intercept b =.slope. Sb Sy/x r
Total As 13 1.74 x 10-3 5.72 x 10-3 5.53 x 10-5 6.58 x 10-3 0.9995
A s(m ) 12 3.71 x 10-3 5.71 x  10-3 6.91 x  10-5 7.95 x  10-3 0.9993
As(V) 8 7.47 x 10-3 5.33 x  10-3 15.3 x 10-5 55.1 x 10-3 0.998
where, n = number o f determinations
Sb = standard deviation o f the slope 
Sy/x = standard deviation of the y-residuals 
r = correlation coefficient
The slope o f the arsenic(V) standard curve and the slopes o f the total arsenic and 
arsenic(III) standard curves were compared by means o f  their respective standard 
deviations and the t-test (125). The results indicated that the slopes are not statistically 
different at the 95% confidence level. The increased standard deviation in the slope o f  
the arsenic(V) standard curve was attributed to the method o f  zinc introduction, the 
decrease in void volume, and/or the presence o f a large citrate concentration.
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Reduction o f the Methylated Species 
The reduction o f DM AA and MMAA to their corresponding arsines by sodium 
borohydride has been discussed in the Selective Hydride Generation section o f the 
IN T R O D U C T IO N . The reduction o f some DM AA during the initial buffered 
reduction o f arsenic(III) is often a problem. The quantitative reduction of these two 
species is counted on at low pH levels in cold trapping procedures. Most o f  these 
systems use AA or ICP detection which will produce signals from the organic arsines. 
It is not clear whether or not the methylated arsines are absorbed by SDDC solutions 
producing visible spectra. Howard and Arbab-Zavar reported generating such spectra, 
but the peaks are very similar to those produced from blanks (63) (see Figures 4 and 7).
To determine if  DM AA or MMAA would be reduced and detected by the 
methods developed, standard solutions were subjected to the procedures. First, they 
were put through the modified total arsenic procedure without prior digestion. The 
spectra that developed were identical to those o f blanks. This was to be expected 
because even with NaBHj. reduction at low pH, EPA approved methods for total arsenic 
require predigestion o f DM AA and MMAA to achieve quantitative reduction. The 
Zn/HCl/Sn(II) reduction system is not as strong as NaBHj.
A matter that was more in doubt was whether the methylated species (especially 
DM AA) would be reduced and detected during arsenic(m) determination. DM AA and 
MMAA standards were subjected to the reduction procedures developed for arsenic(IH) 
speciation. Again, the spectra were identical to blanks.
The solutions that remained after both reduction attempts were analyzed by AA- 
graphite furnace to determine if  any o f  the DM AA or MMAA was reduced to 
corresponding arsines. Unfortunately, the high concentrations o f zinc, iodide and tin in 
the first case, and citrate and borate in the second, produced so much background noise 
quantitation was impossible.
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In any case, DMAA and MMAA could not be speciated using SDDC detection 
after selective hydride generation. However, more importantly, they did not interfere in 
the speciation o f arsenic(III), arsenic(V) or the determination o f  total arsenic. The total 
organic arsenic contribution in real samples can be determined by the procedures 
outlined in the Summary at beginning o f RESULTS AND DISCUSSIO N.
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IV. CO NC LU SIO N S
It is important to determine arsenic at low levels in the environment because o f  
the chronic toxicity o f arsenic compounds. It is even more significant to differentiate 
between the species o f arsenic because they exhibit wide differences in toxicity, 
arsenic(III) being by far the most harmful.
The Silver Diethyldithiocarbamate Method is a precise, EPA approved technique 
for the determination o f total arsenic in aqueous samples. The method is slower and 
somewhat less sensitive than hydride generation-AA or graphite fumace-AA, but it 
requires less elaborate instrumentation.
By introducing the sample solution from a separatory funnel above the reaction 
flask containing zinc in a closed system, the existing method can be improved. The 
modified method provides a lower detection limit, 5 (ig As/L, and eliminates awkward 
operations involved in reaction initiation. The minimum detectable quantity is reduced 
from 1 |ig  As to 0.5 |lg  As.
Techniques for arsenic speciation have recently received much attention, and the 
methods are varied. None o f them could be described as simple. Species specific 
detection is rare, as most o f the techniques employ element specific detection after 
species separation. Selective hydride generation is the most frequently applied method 
o f  species separation. It is most often coupled with atomic absorption detection for 
sensitivity. Most o f these procedures sequentially reduce arsenic(V) to arsine at low pH 
after arsenic(III) has been determined. None o f the techniques includes a prereduction 
step to convert arsenic(V) to arsenic(III) before the final reduction. For sodium  
borohydride to reduce arsenic(V) to arsine, it must first reduce it to arsenic(III). This is 
the slow step in the reaction sequence. The hydrolysis o f sodium borohydride in acidic 
solution is extremely rapid. It does not exist in solution long enough to quantitatively
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complete this reaction in large sample volumes. Reports describing the use o f SDDC as 
a method o f detection for selective hydride generation have been discussed. Arsenic(V) 
is directly determined in acidic solution with sodium borohydride reduction by these 
methods. This is a very inefficient procedure due to the chemical and physical 
limitations involved. The detection limits cited are 100 |lg  As/L.
Without cold trapping o f arsines, the atomic absorption methods can suffer from 
interferences from DM AA and MMAA during arsenic(V) speciation. Even with cold 
trapping, the reduction o f DMAA and MMAA must be shown to be quantitative.
SDDC detection can be used to speciate inorganic arsenic at much lower levels 
than have been reported and can determine total organic arsenic. The possible 
interference from DM AA and/or MMAA is eliminated during the inorganic speciation 
process. Since arsenic(QI) is the most toxic species, its determination is o f the most 
practical importance. It can be selectively reduced form the sample buffered at pH 5-6 
with sodium borohydride and detected with SDDC, with a detection limit o f  5 |ig  
As(III)/L. Arsenic(V) can then be sequentially reduced from the same sample aliquot, 
by prereduction with potassium iodide and tin(II), followed by reduction to arsine with 
zinc, hydrochloric acid and tin(II). The detection limit is 7 |lg As(V)/L. Since all o f the 
organic forms are much less harmful, it is often only significant to known their total 
concentration, not individual species levels. The following steps should be taken to do 
the most complete characterization o f  arsenic species in a sample by the SDDC  
techniques developed:
1. Arsenic(III) is determined by selective hydride generation from the sample
buffered at pH 5-6 with citrate/HCl. The reductant is NaBHj.
2a. Arsenic(V) is sequentially determined after its reduction to arsenicflH) by KI and
Sn(H) and final reduction with Zn/HCl/Sn(II).
or 2b. Arsenic(V) is calculated as the arithmetic difference between total inorganic 
arsenic and arsenic(III).
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3. Total inorganic arsenic is determined by the modified SDDC Method without
prior sample digestion.
4 . Total arsenic (organic and inorganic) is determined by the modified SDDC
Method after prior sample digestion.
5. Total organic arsenic is calculated as the arithmetic difference between total
arsenic and total inorganic arsenic.
The 2b method is the simplest and most rapid for the determination of  
arsenic(V). However, when arsenic(V) to arsenic(III) ratios are very low, it is 
necessary to determine arsenic(V) sequentially. When arsenic(m) is nearly equal to total 
inorganic arsenic, subtracting the two to determine arsenic(V) leads to unacceptable 
relative error levels.
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CLAMPED BALL S SO C K E T  JOINT
A B S O R B E R
SCR UBBER
1 2 5  ML FLASK 
WITH 2 4 / 4 0  JOINT
HOT PLATE
ILLUSTRATION 1. APPARATUS FOR DETERMINATION OF TOTAL ARSENIC (TRADITIONAL)
CLAMPED BALL & 
S O C K E T  JOINT
1 2 5  ML SE P A R A T O R Y  
FUNNEL WITH 2 4 / 4 0  
JOINT AT BOTTOM
ABSORBER
SCRUBBER
5 0 0  ML ROUND BOTTOM _  
FLASK WITH 2 4 / 4 0  JOINTS
ROUND BOTTOM 
FLASK HEATER
ILLUSTRATION 2. APPARATUS FOR DETERMINATION OF TOTAL ARSENIC (IMPROVED)
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SPECIATION OF ARSENITE
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ILLUSTRATION 3. APPARATUS FOR SPECIATION OF ARSENIC (m)
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SPECIATION OF ARSENATE
ONE PIECE
SCRUBBER/
ABSORBER
2 4 /4 0  TEFLON 
STOPPER —
SCREW CAP 
VALVE/ SEPTUM 
SYSTEM
250 ML ROUND 
BOTTOM FLASK
ROUND BOTTOM 
FLASK HEATER
ILLUSTRATION 5. APPARATUS FOR SPECIATION OF ARSENIC (2)
